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Ƅʂ Ćń˱ǑãÆȁ˓  
 ̲̎Äbgtň͗ɽÿǸ̋ƣʊÏ3Èˑigʆ6˙ȺIǨȊͨëŐĄŨÆs
{Tg̿ɜŇˉNL/K@)̗Ƃ07Ǖ˖ɄƣɜɊEƣʱě4ě/ëŐ|p\
_EȂ̟Æ6ñƚ1,)vyT^cTh6˙Ⱥ06̿ɜȞɣ L/KǭĆńˮɻ4
/ɵ7ëŐ6Ȃ̟ñƚIëŐ̮ěñƚ͎ĘÆƐɆñƚ4HJǕ˖à͓ŐȊʱ6ɜɊ4
́$KɭɾO̡C) 
 ʅ 1ʂ07ëŐ6Ȃ̟ñƚ4ɧɣ$K10̰ĊŐOĝ@3͓ŐÌ ƣ−đŝƣ̠
ʖëŐI3K˅ʳʒņàȾŧ4HJɝʺ6àɜàOɜɊ$K1O˕ê$14ƫø"
)[1]6ëŐ7Z{l(Cz)1fl(DBF)6̠ʖÆ0JHOMO Cz̬Ã4
LUMO DBF̬Ã4ëż$K6 D–A̠ʖëŐ7ʒņ͞Ĺ4ˈàɜàOɱ"ÄȬȠƣ[
g͒Įȓ07RQgɆƪI6͔ʺ͞Ĺ4àOɱ$ʶġȦ146ëŐ˅ʳ
4ʒņàȾŧOˉ1Ǖ)4Ǯǒ6ʖǡɆƪ4ɓǲ$Kà{uͪʝ͞Ĺ4ɜɊ$K
LIͲɼͤ6à{u6ʖǷ6ą6ëŐbxtI3K˅ʳ7ɝʺɜàOɱ$
@)26ëŐ̬Ãɝʺà4ƞ͝0KDǝI4")ù/àȾŧ*03͓ȡ
˩̂4H,/DɝʺɜàO˩̂Ĕʱ0K1O˕ê")ǭɭɾ0̿ɜ")ëŐsdT7Ä
bgtÄWx]Ȥ˻6ɝʺ ELʑŐ̿ɜ4K̰˓3ƺ̴O K 
 ʅ 2ʂ07uT06ëŐ̮ěñƚ1"/ǨȊ πäƒÄëŐ6ɰȓɛǖƣ4ɧɣ"
ņ̬ɰĽ0ǨȊ˅ʳÈˑ$K10ǨȊtfgm6͓ʾɹþƆOǊĩ$K14ƫø")
[2−3]ǭɭɾ07̶meRw(CuPc)EmiOĺǵ4ţ"Ķɤ4ɰĽOćù")Ɇƪ
0ɦɿ˃ɧ")ʖǷëŐ6 Edge-on̮ěƣě$K1O˕*")6Ɋ˶7¤Ɲ̳ŰE
d͓Ő6Ǩȼ4́NI%˙ȭ L)1IɰĽ1ǨȊǮǒ6 π͓Ő6Ďɜ4HKD61ʭI
LKř͌4 CuPcOɑ)tfgmɅƣ4/ȼɰĽ0Èˑ")˅ʳ1Ȓ̏"/Ķɤ
ɰĽ0Èˑ") FETʑŐ4/ê÷Ʌƣ 4Õ͓ ʾɹþƆ 2Õě$K1OǝI4"
) I4miOɑ)ĽĘȼɰĽ0Èˑ")˅ʳ1Ȓ̏"/ĶɤɰĽ0Èˑ")
FETʑŐ4/͓ʾɹþƆ 9ÕƁˉɰĽ07 23Õ6Ʌƣě$K1OǝI4")
L7ĶɤɰĽ07 Edge-on̮ěƣ'"/ƁˉɰĽ07uT6cThłň4HKp
_¿Ũ4HKǆŋ͠Ɔ6ȫŪŞ "/K1ʭILK6ȃ3ɰĽćù4HKʊÏ3ë
Ő̮ěñƚ7ȃ3ǨȊĄŨÆëŐ6ƣʱOě &K)C4͖Ž4Ǩɑ0K 
 ʅ 3ʂ07T^cTh6Ȃ̟ñƚ1"/ǨȊW^tw^gë̱4KƻƬɞˮ͡
1"/ƼILK πäƒʍͨëŐOɑ)dɜƽ4ě)ɭɾOˉ3à͓ȓɞ3Ʌƣ
Oƹ- πäƒͨëŐ6AIȂƫ LKɋÆI6WGMɜà6ɜɊ4ƫø")[4]L@07
dɜƽOřɊ$KȻ4ͨ ŭƳɉ3Ǯǒ0Ȃƫ$KɋÆ326å̬0àOãĎŧ &/̾#̖
CłƎɜà &KWhispering Gallery Mode(WGM)äƽɜàŨȝ̇OǨ$KeZɋEˈàʺʑ
OȨù")go~hOɑ)àŔǮǒ4HKWGMɜà6A0JɜàɅƣ1Ũ͓ƣ
OÉ&ƹ-ŏÆI6WGMɜà7ļğ L/3,)ǭɭɾ07πäƒʍͨëŐ6ʴŻ͎
 6 
ĘÿOðɑ$K10ƛʓùŸE˒Ǐ6ǮǒOɑK13à͓ȓɞ3ɅƣOƹ- πäƒ
ͨëŐI3KɋÆOÈƫ"ʴŻ͎ĘÿɋÆI6WGMɜàO˕*")ǭʖǷ7Èˑ
ig6ʊÏÿ*03͓ ʾȞâĔʱ0K πäƒʍͨëŐ6ƣ˾OȠ")͓ʾͥþķ6
WGMɜà ELʑŐEdɜƽʑŐ<6ƟɑǪƔ0K 
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1. Ƅ˱  
1.1 ǨȊ EL 
 ǨȊW^txpig(Electroluminescence  ʹ EL)ʑŐ7\eĺǵ4ň͗ɽ
-Wx]˷ʾ6Ū3ig0ÈˑĔʱ0K1Iȍ¡º6ɜàʑŐ1"/ǪƔ 
L/KɅ4ǨȊ EL7˅̎ ǣILK1,)ȼȊɜànTYu(light emitting diode : 
LED)473ɅƜOǨ"/JȾǝEsSg6{p^Ttr~ETxe
6Ľ͗0ŇȠ̈"ŎC/K I4L@07˃ɧȜ4HKˑ̟¦0K I3K
igbgt6Äȫ4ě)gptnTbrS_ȜETfTh-Ǯǒýɉ6ě4
ě)T^fVptȜ32O7#C1$KľżȜ6Ǿ˟Ƞɜ4̡CIL/K[1–15] 
 
1.2 ɜàǮǒ  
 ǨȊ EL6̿ɜ4/Ȍ&36ɜàǮǒ6̿ɜ0KL@0ˈàǮǒ4NJɀ
àǮǒE TADFǮǒ6̿ɜ̡CIL/)[16–19]ˈ àǮǒ7̰͛ü̂Ɇƪ6AIɜàĔʱ0
Ǧňå̬̲Őďɉ(IQEmax) 25%364ţ"ɀàǮǒ7ëŐå4̰ĊŐ̳ŰOʔA̖B10
̰͛ü̂ɆƪI6gĎ̌OĔʱ4"ͨɜàƣ(IQEmax = 100 %)OřɊ")[17,18]""ɺṴ̄
̳ŰOĝB1IɍŁ˷ʾͨÌʘ̲ñ̈́ LK32ˮ͡KǖȿȠƣỵ̈Ɗˈà
(Thermally Activated Delay Fluorescence : TADF)Ǯǒ7uv1R^im̬ÃOŬĳÿ"̰
͛ü̂Ɇƪ1̰͛ü̂Ɇƪ6Wx]ȰÃźOũ 3ëŐˡ˞1$K10̰ ĊŐ̳ŰOĝ
B13̰͛ü̂ɆƪI̰͛ü̂Ɇƪ4ü̂Ő6̛͛̀±źOĔʱ40K[19] 
 
1.3 ąǮǒI6ɝʺɜà  
 ȾǝEsSg6{p^Tt<6Ɵɑ4B/ɝʺɜàǨȊ ELʑŐ6̿ɜƎȖC
IL/K[5,8,12,14,20,21]¶Ǜ6ɝʺɜà7ɜàʺ6ɛ3K˒Ǐ6ǮǒOπĘK7ɽű$K
10Ȃƫ L/K[1,5,15,20–25]""3IŇȐ͊6Èˑigƞ˓0J@)˒Ǐ6
Ǯǒ6͓ŐɆƪEπĘȒOʌʡ4ñƚ$Kƞ˓KD"ą6bxt0ɝʺɜàO
ɱ$ǨȊǮǒL8LI6ˮ͡Oáǩ$K10K1IɝʺɜàOɱ$ǨȊǮǒ
6̿ɜƎȖCIL/K 
 L@04TfU̸ÆEǨȊȼȊzTpuǮǒEtRl˩ŨÆEà̯ÿZ
{l324/ąbxt06ɝʺɜàļğ L/K[26-34]TfU̸
Æ6Ë07ɜàʺ6ɛ3K̮ÃŐO̮Ã &K14H,/ëŐI 2ʺ»6ɜàOřɊ
"ɝʺɜàOƫ"̢/K[26,27]tRl˩ŨÆ6Ë07ʖǡɆƪ4/ŇëŐ0ɥ
¯Èɑ$K10 monomerH-dimerπ-dimertetramer1˒Ǐ6ëŐɆƪOƐƫ$K10Ǖ)3
Ğď1ɜàOɜɊ"u3ɝʺɜàOřɊ"/K[33]""3ILI6Ǯǒ7ɺ
Ṵ̳̄ŰOĝA-ŇȐ͊6Ęƫigƞ˓31IɍŁ˷ʾͨÌʘ̲ñ̈́ L
K@)Ĉ͇3RfuÿĘɄ6Êɑƞ˓0J@)ʖǡȂ̟OÈƫ$K)C4ùȿi
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gƞ˓31Iˑ̟4˓$KǠ̀1bgtňK 
 
1.4 ëŐ65#L1|p\_Ȃ̟4HKɜàñƚ  
 ëŐ65#LȂ̟E|p\_Ȃ̟6Ņÿ4H,/ɜàƣŅÿ$K1ɪIL/K5#
LȂ̟6Ņÿ6Ë1"/7è͎Ǡ4ɜàƣOɱ$è͎˩̂ɜà (Aggregation Induced 
Emission : AIE)ɅƣOǨ$KZOëŐͧǻ4Ǩ$KRti˩ŨÆ0K[35]řͦ1
͓Őʍ6Wx]326ɄƣO͓ŐşƆI˞ʈ$K1Ĕʱ3şƆȗ́ǏɌ˱(density 
functional theory : DFT)˞ʈHJİÆ¤4/Z̬ë6Ĭ̌$K10ķëŐ
å͓ʾɹþ(TICT)̂K1Oɱ"ą6ëŐI3KʖǡIWx]ȰÃ6ɛ3Kˈà
ɜàɜɊĔʱ3ëŐɆƪŒĳ$K1OǝI4") I4ǭëŐͧǻ Crystallization 
Induced Emission Enhancement (CIEE)ƼþOŨ/K1OǝI4"/K(Fig. 1-1 a−b)@)
AIEǮǒ7ŚȬǱ¼0ɀàɜàOɜɊ$K1DɪIL/K 
 
Fig. 1-1. (a) LEˈà1 TICTɜà6Wx]ȰÃį1ëŐ65#LȂ̟6Ņÿ. (b)ȱŏ̧4HK
ɜàƣ6Ņÿ. 
 
  I4ëŐ|p\_6Ņÿ4ÀąëŐɆƪ6ɀà17ɛ3K I4̼ȝ͞Ĺ4ɀàɜà
OɜɊĔʱ43K1DɪIL/K[36]ǭëŐ7 π−πɥ¯Èɑ4HJ̰ĊŐOĝB13ǨȊ
ǮǒIŚȬǱ¼0ɀàɜàɜɊOĔʱ4"/K(Fig. 1-2 a−b) 
 
Fig. 1-2. (a) PhTCz6ëŐȂ̟. (b) |p\_Ņÿ4HKreWx]Ņÿį. 
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1.5 ǭɭɾ6ɣɞ  
 ǭɭɾ6ɣɞ7ƘǲɝʺɜàɜɊ6͌6ˮ͡0,)̰ĊŐ̳ŰE˒͏3ëŐˡ˞Oƞ˓1
"3ą6bxt0ɝʺɜàOɱ$ǨȊǮǒO̿ɜ$K10KǭǮǒ6ëŐˡ˞
4/ TADFǮǒ6Ǯǒˡ˞Oĺ4Highest Occupied Molecular Orbital (HOMO)OZ{l
(Cz)̬Ã4Lowest Unoccupied Molecular Orbital (LUMO)Ofl(DBF)̬Ã4ë͐"/̠
ʖ")uv(D)−R^im(A)̠ʖǮǒ0K6ëŐˡ˞4HJCz1 DBF65#L4H
,/̰͛üȰÃObt0K I4ʳɆƪ4")͌4RQgƣOƹ)&K)C
4VwĺEYtmVwĺOŨâ"ą6bxtI3K˅ʳOÈƫ"ɜà
ɅƣO˥Î") 
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2. řͦǖȜ  
2.1 ǭɭɾ0Êɑ")ÿĘɄǮǒ  
 ʅ 1ʂ0Êɑ")ǮǒO Fig. 1-31ˋ 1-14ɱ$@)ǭÿĘɄ 1−57bwZymǺƋ¾ɲ
ŲɒĦ©Ćń4HJĘƫ L)˧ʓ3Ęƫ͛NMRëǶʆ7¹̹ 54ˠ̐$K 
 
 
Fig. 1-3. ǭɭɾ0Êɑ")Ǯǒ 1−56ëŐȂ̟. 
 
ˋ 1-1. ELs{Tg0Êɑ")Ǯǒ. 
MoO3 ́ǳÿŔǺƋ¾ɲ 
1,3-di-9-carbazolylbenzene (mCP) Lumitec 
2,2',2"-(1,3,5-benzinetriyl)-tris 
(1-phenyl-1-H-benzimidazole (TBPi) 
Sigma-Aldrich Co. 
LiF Sigma-Aldrich Co. 
Al ǺƋ¾ɲͨʐƆÿŔɭɾƮ 
 
2.2 ǭɭɾ0Êɑ")ˏʪ  
 ʅ 1ʂ0Êɑ")ǮǒOˋ 1-24ɱ$ 
 
ˋ 1-2. ʅ 1ʂ0Êɑ")ˏʪ. 
1H and 13C NMR JNM-LA400 Ǜǭ͓ŐǺƋ¾ɲ  
GPC LC-9101 ǛǭëǶŸǿǺƋ¾ɲ  
HPLC LC-2000Plus series ǛǭëàǺƋ¾ɲ 
XʟĬƳ Miniflex600,Smart lab ǺƋ¾ɲ[^ 
ĞààƆ˞ U-3000 ǺƋ¾ɲǛʁzTr^cTWg 
ëàˈààƆ˞ F-7000 ǺƋ¾ɲǛʁzTr^cTWg 
ˈàŤģȭŘˏʪ C11367-1 ȢǴXtw^gǺƋ¾ɲ 
FT-IR FT/IR-4200 ǛǭëàǺƋ¾ɲ 
ʙţ PL̲ŐďɉȭŘˏʪ C11347 ȢǴXtw^gǺƋ¾ɲ 
EL˥Îˏʪ CS-1000A/ CS-2000 bwZymǺƋ¾ɲ 
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2.3 PLUV˥Îʳ6ÈˑǖȜ  
2.3.1 ɦɿ˃ɧʳ  
 ĺǵ7 3cm˚6ɬʼĺǵOÊɑɦɿƆ˃ɧ̞Ɔ7'L(L 5.0 x 10–5 Pa1.0 Å s–16Ǳ¼0
30 nmƫʳ")'6ƖňȓƑ͙ǨȼO˙ȭ$K)C4ƫʳƖ6˅ʳ4ţ"[g\p_
OňȓƑ͙ȼ˗Ĕʱ3ʀʑ͒Įȓ(̯ʑȶƆ 10 ppmȔëȶƆ 3 ppm)6_p^g(GB)
4/ˉ,) 
 
2.3.2 gbtʳ  
 ĺǵ7 3cm˚6ɬʼĺǵOÊɑƫʳ7ʀʑ͒Įȓ6 GB0řǗ")ãÆ6İƐëȶƆ7
0.75 wt%4˯ȥ"gbtȜ(500 rpm, 30 s)0 50 nm6˅ʳOÈˑ")'6Ɩ GBå0 130°C  
6ptt0 30ëùȿªɁ") 
 
2.4 ELs{Tg6ÈˑǖȜ  
 3 cm˚6[gĺǵ4ƫʳ L) ITO (110)ĺǵ4ɦɿ˃ɧȜOɑ/͜4 MoO3 (3 nm)
mCP (10 nm)1 (100 nm)TBPi (20 nm)LiF (0.5 nm)Al (100 nm)Oƫʳ")ėǮǒ6˃ɧ̞Ɔ
7 MoO31 LiF 0.1 Å s–1mPC11 TPBi 0.5 Å s–1Al7 1.0 Å s–16Ǳ¼0ˉ,) 
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3. ʖǷʭŢ  
3.1 ǮǒɅƣ  
 Fig. 1-44WinmosterHJǦ̨ÿȂ̟")ëŐ 16ëŐ̥̊˞ʈOɱ$(ȗ́Ǐ7 B3LIPĺƅ́
Ǐ7 6−31G*OÊɑ)HOMO7 Cz̬Ã4LUMO7 DBF̬Ã4ëż$K1¬ȭ LKë
Ő̥̊˞ʈHJHOMO = −5.21 eVLUMO = −1.21 eV1ǁŘ LK 
 
Fig. 1-4. (a) 16ëŐȂ̟1 HOMO(͔)−LUMO(̀)6ȁəį. ëŐ 16Ǧ̨ÿȂ̟1'6Ǡ6(b) 
HOMO1(c) LUMO6ëżį. 
 
3.2 ɜàɅƣ  
3.2.1 ȱȥɆƪ6ɜàɅƣ  
 16 2-MeTHFȱȥ([1] = 1.0 x 10–5 M)6ŚȬ(298 K)Ǳ¼4Kɜàg^tO 280 nm6ü
̂à(λex)0ȭŘ")ʖǷ0-01 0-1{u4ţƟ$Kɜàȝ̼(λem) 350 nm1 365 nm4^tp
Oɱ$ˈàɜàO˙ȭ")(Fig. 5a)ǖ N2[g{_O 5ë̀řǗ$K1ƛƍ3Iλem 
= 441, 475 nm4^tpOǨ$KǕ)3ɜàO˙ȭ")(Fig. 1-5 a inset)̯ʑŒĳ07ɜɊ
"31I6Ǖ)3ɜà7 1I6ɀàɜà1ʭILK6ɜà 1I6ɀàɜà
2ɯ˨$KȻ4ÄȬ(77K)Ǳ¼6ȱȥg^tO˙ȭ")1Mλ = 340–390 nm6ß̷
ÿ")ˈà{u(0-0, 0-1, 0-2, 0-3)4ùλ = 420–500 nm4ǝɯ3à{u(0-0, 0-1, 0-2, 0-3, 
0-4)˙ȭ L)(Fig. 1-5 b)6ʖǷHJŚȬǱ¼0ƙIL)Ǖ)3ɜà{u7ɀàɜà0
K1ʭILK 
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Fig. 1-5. ëŐ 16 2-MeTHFȱȥ6 298 KǱ¼ (a, ͫ: N2{_ȼ, ̀: N2{_Ǩ)1 77 
KǱ¼(b)4Kɜàg^t. 
 
3.2.2 ˅ʳɆƪ6ɜàɅƣ  
 ȍ4ɦɿ˃ɧȜ0ɬʼĺǵ4ëŐ 1O 30 nmƫʳ")ȱȥɜàg^t1ęȃ4̯ʑƑ
͙ǨȼO˙ȭ$K)C4[g\pǨȼ6˦ǒOÈˑ")λex = 320 nm0ɜàg^tO
ȭŘ")ʖǷ0-01 0-1{u4ţƟ$Kλem = 358, 372 nm4^tpOǨ$Kˈàɜà6A
O˙ȭ")(Fig. 1-6ͫ)ȱȥ0ƙIL)g^t1Ȓ̏"/ 7−8 nmpuet"/Jë
Ő̀ɥ¯ÈɑɜɊ"))C1ʭILKǖ˅ʳOȠƣ[g0ťâ"ęȃ4ɜàg
^tOȭŘ")ʖǷλem = 358 nm, 372 nm6ˈà4ùλ = 540 nm1 580 nm4^OD-
Ǖ)3ɜà{uO˙ȭ")(Fig. 1-6 ̀)ǝɯ3ƽþȂ̟Oɱ$1I6ɜà7W\e
ɜà0731ʭILK@)̯ʑŒĳ076{u7Ȥŋ$K1I6ɜà7è
͎Ɇƪ4K 16à1ʭILK@)6˅ʳ 16ƫʳɤƖ6ʙţ̲Őďɉ(ΦPL)7 0.13
0,) 
 
Fig. 1-6. 16˅ʳ6ɜàg^t(ͫ:[g\p_ȼ, ̀:[g\p_Ǩ). 
 
 Ǖ)3ɜà^è͎Ɇƪ4H,/ɜɊ$K4-/˯=K)C16uȶƆɛ3K
˅ʳOÈˑ"ɜàg^tOȭŘ")˦ǒ7 PMMA1 16πĘȱȥO˯ǐ"gb
tȜ(500rpm, 30s)4/ʳĉ 50 nm6˅ʳOɬʼ4ƫʳ")'6ʖǷ16uȶƆ 15wt%
6147ˈàɜà6AɜɊ"λem = 540 nm4ɜà^7˙ȭ L3,)(Fig. 1-7 ̀)
ǖ50wt%@0 16uȶƆOłù")˦ǒ07ˈàɜà4ùλem = 540 nm4Ǖ)4
^ɜɊ")6ʖǷHJλem = 540 nm4ɜɊ$KǕ)3ɜà7 16è͎ɆƪIɜɊ$Kɀ
àɜà0K1ʭILK(Fig. 1-7 ͔) 
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Fig. 1-7. PMMA¤ 16uȶƆ̧6ɜàg^t(̀: 15wt%, ͔: 50wt%, ͫ: 100wt%). 
  
3.2.3 UVȾŧ4HKɜàɅƣŅÿ  
 16˅ʳ4ţ"λ = 320 nm6 UVàO̠ʚȾŧ")1Mλ = 350–390 nm6ˈàƎƆň
Ä"ęǠ4λ = 420–460 nmH:λ = 520–650 nm6ɜà{ułň$KɊ˶˙ȭ L
)(Fig. 1-8 a)L@06ɜàg^t˛ǶHJłň")ɜà7'L(L16ąëŐɆƪ
I6à(λ = 420–460 nm)H:è͎ɆƪI6à(λ = 520–650 nm)1ʭILK@)ʒ
ņàȾŧǠ̀4ţ$Kɜà6ʺƆŅÿO Fig. 1-8 b4ɱ$ʒņàȾŧô6˅ʳ4/7 CIEƇ
ȅ(x, y) = (0.183, 0.098)6Ȧ͔ɜà0,)6ʒņàȾŧ4ÀʺƆŅÿ"60ëȾŧƖ4
7(x, y) = (0.282, 0.333)6ɝʺɜà<1Ņÿ")(Fig. 1-8 b)@)616ΦPL7 0.100,) 
 
Fig. 1-8. UV̠ʚȾŧǠ6(a) Ǡ̀ÍŒ PLg^t(ͫ: ƫʳɤƖ, UVȾŧ 3, 5, 10, 20, 30, 60, 120, 
180, 240, 300 min). (b) UVȾŧ4HK 16˅ʳ6 CIEƇȅŅÿ(UVȾŧǠ̀: 0–60min). 
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3.3 UVȾŧôƖ6ʳ˛Ƕ  
 ȍ416˅ʳ<6ʒņàȾŧ4HJ26H3Ņÿ̂,/K4-/Ǿ˟") 
 
3.3.1 HPLCëǶ  
 ëŐ'6D66úÿ6Ĕʱƣ4-/ʒņàȾŧôƖ6˅ʳO CH2Cl24ȱ˛"HPLC (JASCO 
LC-2000Plus series)4/ëǶOˉ,)˦ǒ7ɜàg^t˥Îęȃλ = 320 nm6 UVO 1Ǡ̀
Ⱦŧ")D6Oɑ)'6ʖǷUVȾŧôƖ4/ 1 6ë˛7Ǿê̈́ɖ»0JúÿɄ
ɜàg^t4Ƒ͙"/KĔʱƣ7Ä1ʭILK(Fig. 1-9)@)UVȾŧƖ4/
remT 5 min »4˕ILKǜ^7TfV^eep^0J1
4̠́$KD6073ͯ 
 
 
Fig. 1-9. 16˅ʳ6 HPLCg^t(ͫ: UVȾŧô, ̀: UVȾŧƖ). 
 
3.3.2 ü̂g^tĞďg^tPLźg^t  
 ʒņàȾŧƖ6 1˅ʳ4/λem = 370, 430, 540 nm4Kü̂g^tOȭŘ")'
6ʖǷėɜàȝ̼4Kü̂g^t47>1P2̧3,)(Fig. 1-10 a, řʟ)@)
Ğďg^t4D UVȾŧôƖ0g^tŅÿ7>?˙ȭ L%úÿɄɜàg^t4
Ƒ͙"/Kˣ0731ʭILK(Fig. 1-10 a, ɮʟ) 
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Fig. 1-10. (a) 16 UVȾŧƖ6ü̂g^t (λem = 370 (͔řʟ), 430 (ʝřʟ), and 540 nm (̀ř
ʟ))1Ğďg^t(ͫɮʟ: ƫʳɤƖ, ̀ɮʟʹ UVȾŧƖ). (b) UV̠ʚȾŧǠ6 PLźg^
t(ͫ:ƫʳɤƖ, UVȾŧ 3, 5, 10, 20, 30, 60, 120, 180, 240, 300 min). 
 
3.3.3 XʟĬƳͬXRDͭȭŘ  
 ʒņàȾŧ4Àʳ˾6Ņÿ4-/ XRDȭŘOřǗ")˦ǒ7 SiO2 / Siĺǵ4ɦɿ˃ɧ
ȜOɑ/ 1O˃ɧ̞Ɔ 1.0 Å s–10 100 nmƫʳ")Ɩλ = 320 nm6 UVàO 1Ǡ̀Ⱦŧ")
'6ʖǷ˃ɧɤƖ6˅ʳ6 XRD4/2θ = 5.9° (d = 14.9 Å)¹̗4ƍĬƳ^Oɱ$D
66'L»ņ4͢˂3ĬƳ7˙ȭ L3,)(Fig. 1-12 ͫ)'L4ţ"/UVàȾŧƖ6˅
ʳ4/72θ = 5.2° (d = 16.9 Å) 4u0ƎƆ6ň3ĬƳ^êɊ")(Fig. 1-11, 
̀)-@JÝ6˅ʳ7̬6ʖǡ̬ÃOĝBRQgƣ6ͨɆƪ0KʒņàȾ
ŧ4HJʖǡÿÑ̡ L)1ʭILKLI6ʖǷHJλ = 420–460 nm6ɜà7 16R
QgɆƪI6àλ = 520–650 nm6ɜà7 16ʖǡɆƪI6à0K1ʭIL
K 
 
Fig. 1-11. XRDĬƳ|m(ͫ: ƫʳɤƖ, ̀: UVȾŧƖ). 
 
 ǖÈˑɤƖ6˅ʳO 1O Tg (~140 °C)»6ȬƆ0RwéɌ")ʖǷ2θ  = 5.9°6ĬƳ
^Ȥŋ"RQgɆƪ4̂ĭ$K 2θ  = 20° ¹̗6u3ĬƳłň")(Fig. 1-12 a,
͔)'6˅ʳ6ɜàg^t4/7λ = 420–460 nm6à6łň6A˙ȭ Lλ = 
520–650 nm6à7˙ȭ L3,)(Fig. 1-12 b, ͔)ʒņàȾŧƖ6˦ǒORw")ĽĘ
4/Dλ = 420–460 nm6àłň"λ = 520–650 nm6à7ȫŪ")(Fig. 1-12 c, ͔)
6RwƖ6˦ǒ4æƆUVàȾŧOˉ1RQgɆƪ6 14ɓǲ$Kλ = 420–460 nm
6àƎƆȫŪ"ǖʖǡÿ") 14ɓǲ$Kλ = 520–650 nm6àƎƆ7łň")(Fig. 
1-12 c, ̀ɮʟ) 
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Fig. 1-12. (a) 16˅ʳ6 XRDĬƳ|mŅÿ1(b) 16˅ʳ6ɜàg^tŅÿ(ͫ: ƫʳɤƖ, 
ȉ: 120 	ùȿ, ʝ: 140°Cùȿ, ͔: 160°Cùȿ). (c) 16˅ʳ6UV àȾŧ 1Ǡ̀Ɩ6g^t(̀
řʟ)1'6ąʳO 160°Cùȿ")g^t(͔řʟ)'6ƖæƆ UVȾŧ")g^t(̀ɮ
ʟ). 
 
3.4 ̞Ɔ˛Ƕ  
 ü̂Ɇƪ6̞ƆŘǏʈê6)C4UVàȾŧǨȼ4KëŐ 1˅ʳ6ˈààɜàŤģ
H:ɜà̲ŐďɉOȭŘ")UVàȾŧƖ6ʳ4ţ" λ = 280 nm0ü̂")Ǡàü̂Ɩ 0.5 ns
4/7 λ = 350–390 nm6ˈà6A˙ȭ LK20 nsƖ47RQgɆƪ4̂ĭ$K 
λ = 420–460 nm1ʖǡÿ") 14̂ĭ$K λ  = 520–650 nm6àɜɊ"50 nsƖ47ʖǡÿ
") 14̂ĭ$K λ = 520–650 nm6à6Aȏ,)(Fig. 1-13 a−c)1Ǡ̀6ʒņʟȾŧô6
ΦPL70.13I 0.104ȫŪ")ɜàŤģ(τ)7ʒņʟȾŧ4HJ λ  = 360 nm6ˈà 2.1 ns
I 1.4 ns4λ = 540 nm6à7 14.3 nsI 13.4 ns4ɫŤģÿ")@)ʒņàȾŧ4H
JǕ)4ɜɊ") λ = 420 nm6à6τ 7 5.14 ns0,)(Fig. 1-13 d) 
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Fig. 1-13. UVȾŧƖ6 1˅ʳ4ţ"λ = 280 nm0ü̂")͌6(a) 0–0.5, (b) 20–20.5, (c) 50–50.5 ns ʕ
̤6 PLg^t1(d) 360 nm(ͫ), 420 nm(͔), 540 nm(̀)4KɜàŤģȫˌQT. 
 
 LI6ʖǷOÝ416˅ʳ6ü̂ɆƪI6ŋȠig4-/ʭŢ$KʒņʟȾŧô
6 16˅ʳ4/7λ = 350–390 nmˈà(S1)1λ = 520–650 nm6à(T1)6AɜɊ"/J
ʙţ̲Őďɉ7'L(L 0.1261 0.0040,)@)λ = 360 nm1λ = 540 nm4Kτ7 2.1 ns
1 14.3 ns0,)ė6ȭŘʖǷIė̓ŧ̞ƆOƋ 1–5Oɑ/ʖǷ")ʖǷUVȾŧô6
1˅ʳ4/ S1I S0<6ˈà̞ƆŘǏ(kr)1 S1I T1<6͛̀±ź̞ƆŘǏ(kISC)7>?ęɻ
Ɔ6Ö13,)(ˋ 1-3, Fig. 1-14 a)
	
φPL =
kr
kr +knr +kISC
⋅⋅⋅(1)
τ = 1
kr +knr +kISC
⋅⋅⋅(2)
kr =
φPL
τ
⋅⋅⋅(3)
knr =
1
τ
−kr −kISC ⋅⋅⋅(4)
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kISC360→540 = kr540 +knr540 ⋅⋅⋅(5)
kISC420→540 = kr540 +knr540 −kISC360→540 ⋅⋅⋅(6)
kISC360→420 = kr420 +knr420 +kISC420→540 ⋅⋅⋅(7)  
 
ˋ 1-3. UVȾŧô6˅ʳ 16Ʉƣ1̓ŧ̞Ɔ. 
 total λ = 360 nm λ = 420 nm λ = 540 nm 
φPL 0.130 0.126 – 0.004 
τ (s) – 2.10 x 10–9  – 1.43 x 10–8 
kr (s–1) – 6.00 x 107 – 2.80 x 105 
knr (s–1) – 3.47 x 108 – 6.97 x 107 
kISC 360→420 (s–1) – – – – 
kISC 360→540 (s–1) – 6.97 x 107 – – 
kISC 420→540 (s–1) – – – – 
 
 
Fig. 1-14. ėWx]ȰÃI6̓ŧ̞Ɔ. (a) ƫʳɤƖ(b)UVȾŧƖ. 
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 ǖʒņàȾŧƖ6 16˅ʳ4/7RQgɆƪ4̂ĭ$Kλ = 420–460 nm6ɀà
(T1’)Ǖ)4êɊ$Kˈà6͞ĹO λ = 340–399 nmRQgɆƪ6 14̂ĭ$Kà͞
ĹOλ = 400–499 nmʖǡɆƪ6 14̂ĭ$Kà͞ĹO λ = 500–630 nm1"'6Ǡ6ʙţ̲
ŐďɉOȭŘ$K1'L(L 0.032, 0.028, 0.03913,)@) λ = 360 nmλ = 420 nm λ = 540 
nm4Kτ 7 1.4, 5.1, 13.4 ns0Jˈà1ʖǡɆƪ6à6τ 7ɫŤģÿ")(ˋ 1-4, Fig. 
1-15 a-b) 
ˋ 1-4. UVȾŧƖ6˅ʳ 16Ʉƣ1̓ŧ̞Ɔ. 
 Total λ = 360 nm λ = 420 nm λ = 540 nm 
φPL 0.101 0.032 0.028 0.039 
τ (s) – 1.40 x 10–9  5.14 x10–9  1.34 x10–8 
kr (s–1) – 2.27 x 107  5.49 x106 2.98 x106 
knr (s–1) – 4.27 x 108  1.87 x108 7.16 x107 
kISC 360→420 (s–1) – 1.95 x 108  – – 
kISC 360→540 (s–1) – 6.97 x 107 – – 
kISC 420→540 (s–1) – – 2.00 x 106 – 
 
 
Fig. 1-15. 1˅ʳ6(a) λ = 360 nm1(b) λ = 540 nm4KɜàŤģȫˌŅÿ(ͫ: ƫʳɤƖ, ̀: UV
ȾŧƖ). 
 
 LI6ʖǷHJʒņàȾŧƖ6 1 6˅ʳ4/7Ǖ)4êɊ") T1’<6͛̀±ź̞
(kISC = 2.0 x 108 s–1, Fig. 15b)'6ʖǷS1I S0<6ˈàɫŤģÿ"ƎƆÄ")@)
T1’I7àɜà(kr = 5.5 x 106 s–1)4ù I4 T1<6͛̀±ź̂J(kISC = 2.0 x 106 s–1)
T1I S0<6à kr = 3.0 x 106 s–10̂KʖǷ1"/LI 2ɼͤ6à4HJɝʺ
ɜàřɊ")1ʭILK 
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3.5 ëŐȂ̟ee  
 UVȾŧǠ4 T1'IǕ)4êɊ")à7Ǧî6nè͎ɆƪIȿ÷Ŕɞ4ǦDŖŘ
3RQgɆƪ<6Ȃ̟6̬ëɞŅÿ6ʖǷ1ʭILKRQgɆƪ<6Ȃ̟Ņÿ7
UVȾŧ4HKü̂igO·")Ŭ̬ɞ3ȿRw4H,/̂KT1'(RQgɆƪ)
1 T1 (ʖǡɆƪ)4KëŐȂ̟6̧4-/˛ǝ$K)CëŐ̥̊(MO)˞ʈOˉ,)@
% winmoster0Ũê")ĺƅɆƪ6ǦŖŘȂ̟O Fig. 1-16 a4ɱ$Cz-DBFH: Cz-phenylĺ6
5#L˚(δ)7'L(L 61°0,)@)ortho-terphenylĺ6Vw͗7ň5#L/
K(δ = 53–55°)λ = 420–460 nm6àOǨ$K T1'4/7Cz–DBF65#L˚(δ)6AŅÿ
"35°0,)(Fig. 1-16 b)ţȾɞ4T1Ɇƪ6 16ëŐȂ̟7CZ-DBF1 Cz-Vwĺ16
̀6 δ 2° H: 22°0Jortho-terphenylĺƁ͗ÿ"/K(d = 7–11°, Fig. 1-16 c)6Ɓ
͗Ȃ̟̠ʚɞ3 UVȾŧǠ4 16ʖǡÿOÑ̡$KUVȾŧ4HJ 16˅ʳå476 3ɼ
6ëŐȂ̟65#Lɛ3KɆƪŒĳ$K1¬Ƨ LK 
 
Fig. 1-16. winmoster4HJǁȭ LKëŐ 16(a) ǦŖŘȂ̟1(b) λ = 418 nmH:(c) λ = 518 nm 
4àOɜ$K͌6ëŐȂ̟. 
 
3.6 FT-IRg^t  
 ëŐee0ɱ")ëŐȂ̟65#L6Ņÿ6ɯI" Oɯ˨$K)C4UVȾ
ŧôƖ6˅ʳ4ţ" FT-IRȭŘOˉ,)˦ ǒ7 PL˥Îęȃɦɿ˃ɧOɑɬʼĺǵ4 30 nm
ƫʳ")ʖǷUVȾŧôƖ0 C–NÁʤƽþ4̂ĭ$K 900–1100 cm–16g^tňŅ
ÿ$K1Oɯ˨")L7UVȾŧ4HJ Cz–DBF65#L6ŅÿOɱħ"/KʖǷ0
K(Fig. 1-17) 
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Fig. 1-17. UVȾŧôƖ6 1˅ʳ4K FT-IRg^t(ͫ: UVȾŧô, ̀: UVȾŧƖ). 
 
 
3.7 àɜà6)C4ƞ˓3ëŐ̬Ã4́$KǾ˟  
 26ëŐȂ̟ɝʺà4ƞ͝0KO˯=K)Cɛ3KʪǄĺOŨâ")ëŐ 2–5OĘ
ƫ"'LI6ëŐ˅ʳ6 UVȾŧôƖ4Kɜàg^t6ŅÿO˯=)˦ǒ7ɦɿ˃ɧ
Ȝ4HJɬʼĺǵ4 30 nmƫʳ"ü̂ȝ̼ 320 nm4/ɜàg^tOȭŘ")ʖǷDBF
6 2Ã4VwĺOD)3ëŐ 2H:Cz6 3Ã4 ortho-biphenylOǨ$KëŐ 37UV
àȾŧOˉ111ęȃ6 2ɼͤ6à6łƎ˙ȭ L)(Fig. 1-18 a–b)ǖCz6 3Ã4
tertiary buthylĺD"7 meta-biphenylĺOŨâ")ëŐ 4H: 54/7UVàȾŧƖD
ɜàg^t47>1P2Ņÿ˙ȭ L3,)(Fig. 1-18 c–d)ʷ4 tertiary butylĺEm
Vwĺ7ëŐ̀6ʖǡƣOƱñ &KŶͨʪǄĺ0K1I41 507 UVàȾŧ
4HKʖǡÿ̡ˉ&%'6ʖǷ2ʺ6àɜà̂I3,)1ʭILK 
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Fig. 1-18. UVȾŧôƖ4K(a) 2, (b) 3, (c) 4, (d) 56ɜàg^t(ͫ: UVȾŧô, ̀: UVȾŧ
Ɩ). 
 
3.8 ǨȊ ELʑŐ  
 ǦƖ41Oɜàű1"/ɑELɅƣO˥Î")ɦɿȿ˃ɧ4HJITO[g͓Ȁ4
MoO3 (3 nm)/ 1,3-di-9-carbazolylbenzene(mCP) (10 nm)/ 1 (100 nm)/ 2,2',2"-(1,3,5-benzinetriyl)-tris 
(1-phenyl-1-H-benzimidazole(TBPi) (20 nm)/ LiF (0.5 nm)/ Al (100 nm)Oɽű")Èƫ")ELʑŐ4
0.7 mA6͓ȡOȡ$1λ = 400 nm¹̗4 16 S1S04̂ĭ$K ELǦň̑Ɔ0˙ȭ L420–
460 nm4RQgɆƪ6 14̂ĭ$Kà6en{u I4 520–650 nm4ʖ
ǡɆƪ6 14̂ĭ$Kàɜà˙ȭ L)(Fig. 1-19 a, ͫ)ćù͓Ĳ 4 V¹̗HJ EL˙ȭ
 L7#C12 V¹̗0Ǧň̑Ɔ 1000 cd m–2Oˠ̹"'616͓ȡşƆ7 400 mA cm–2Ǧň
ņ̬̲Őďɉ7 0.6 %0,)(Fig. 1-19 b–d) 
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Fig. 1-19. (a) ELg^t6îǪg^t(ͫ)1ʕǠŅÿ( 12, 24, 36, 50, 60, 76, 89, 100min (̀)).  
(b) ̑Ɔ vs͓ĲQT. (c) ̑Ɔ vs͓ȡşƆ(J) QT. (d) EQE vs JQT. 
 
  I4͓ȡOȡ"ʚK1λ = 400 nm¹̗6ˈàƎƆňÄ"12 ëƖ47>?Ͳ-
6̰͛ü̂ȰÃI6à4̂ĭ$K ELg^t13,) (Fig. 1-19 a)ʺ Ɔ7(x, y = 0.319, 
0.270)0JąëŐI>?ɝʺ6 ELOřɊ")(Fig. 1-20) 
 
Fig. 1-20. ELs{Tg6(a) îǪɜàɕÛ1(b) 0.7 mAO 12 minćùƖ6ɜàɕÛ. 
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4. ʖ˱  
 ǭɭɾ07Z{l-fl6̠ʖÆ0KuvR^imëŐ6AIɝ
ʺɜàOřɊ$K14ƫø")ɜàʺ7ʒņàOȾŧ$K10Ȧ͔ʺIɝʺ4Ņÿ")
ɜàg^tHJɝʺɜàȞ47͔͞Ĺ1ͪʝ͞Ĺ6 2ʺ6à{gH̮Ę"/
JLI 2ɼͤ6à7RQgɆƪH:ʖǡɆƪ6 D–AëŐI6à0K
1OǝI4")ǭɭɾ7̰̳ŰÝʑOĝ@3ąëŐI6ɝʺɜàÆ6̿ɜ4K
Ǖ)3ˡ˞ƺ̴1"/̰˓0Jņ̬ɍŁ4Ɵ#)ɜàŅÿOðɑ")ie_EɜàʺO
Ņ˯Ĕʱ3ǨȊ ELǮǒ1"/ǪƔ0Kǭɭɾ7 Adv. Funct. Mater. 2018, 1805824/1−6.4ɜˋ"
)¶Ɩ7ɜàýɉ6ěǾ˟1͓ɖü̂4HKͨýɉ3ɝʺɜà6řɊOɣƺ$ 
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5. ¹̹  
5.1  Synthesis of 1 
 
 
Synthesis of S2 
To an acetic acid (150 mL) solution of S1 (19.0 g, 64.6 mmol) was added bromine (4.3 mL, 84 mmol) 
dropwise at 60 °C. The reaction mixture was cooled to 25 °C and stirred for 16 h, solid precipitated out. 
Filtered the solid washed with water (2 × 100 mL) followed by 10% NaHCO3 (2 × 50 mL) and dried well 
under vacuum. The crude product was subjected to re-crystallization from diethyl ether (three times) to yield 
the S2 as a white solid (17.3 g, 46.4 mmol, 72% yield). 1H NMR (CDCl3) δ 8.04 (d, J = 1.7 Hz, 1H), 7.86 (dd, 
J = 2.8, 7.7 Hz, 2H), 7.60 (dd, J = 1.8, 8.7 Hz, 1H), 7.54 (d, J = 8.7 Hz, 1H), 7.12 (t, J = 7.7 Hz, 1H). 
 
Synthesis of S3 
To a mixture of S2 (17.0 g, 46 mmol), carbazole (6.1 g, 36 mmol), potassium phosphate (19.3 g, 91 mmol), 
dipivolyl methane (2.9 mL, 14 mmol) and copper (I) oxide (1.3 g, 9.1 mmol) was added dimethylsulfoxide 
(DMSO, 170 mL) at 25 °C. After stirring for 8 h at 100 °C, the reaction mixture was cooled to 25 °C and 
poured into water. The precipitated solid was filtered, washed with water and suck dried to obtain a crude S3. 
Crude S3 was purified by column chromatography on silica gel gave S3 as white solid (10.0 g, 24.3 mmol, 
53% yield). 1H NMR (CDCl3) δ 8.23-8.20 (m, 3H), 8.07 (dd, J = 1.2, 7.6 Hz, 1H), 7.73 (dd, J = 1.2, 7.8 Hz, 
1H), 7.45-7.41 (m, 2H), 7.62-7.56 (m, 2H), 7.37-7.34 (m, 3H), 7.26 (t, J = 8.0 Hz, 2H). 
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Synthesis of S4 
To a mixture of S3 (5.00 g, 12.1 mmol), phenylboronic acid (1.48 g, 12.1 mmol), Pd(PPh3)4 (699 mg, 0.605 
mmol) and potassium carbonate (5.01 g, 36.3 mmol) was added 1,2-dimethoxyethane (50 mL) and water (5 
mL) at 25 °C. The mixture was heated under reflux for 6 h. The reaction mixture was cooled to 25 °C, was 
diluted with ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, 
the residue was subjected to silica gel column chromatography to give S4 as white solid (4.34 g, 10.6 mmol, 
88% yield). 1H NMR (CDCl3) δ 8.24 (d, J = 1.72 Hz, 1H), 8.21 (d, J=8.0 Hz, 2H), 8.14 (d, J=8.0Hz, 1H), 
7.72-7.66 (m, 4H), 7.58 (t, J = 7.6Hz, 1H), 7.53-7.47 (m, 3H), 7.44-7.37 (m, 3H), 7.34 (t, J = 6.8 Hz, 2H), 
7.27 (d, J = 8Hz, 2H). 
 
Synthesis of S5 
To a CH2Cl2 (30 mL) solution of S4 (3.44 g, 8.40 mmol), NBS (1.50 g, 8.40 mmol) was added at 25 °C. 
After stirring for 8 h, water was added. The organic layer was washed with water and brine, dried over 
MgSO4. After evaporation of the volatiles, S5 was obtained as white solid. S5 was used without further 
purification in the next step. 
 
Synthesis of S6 
To a mixture of S5 (3.00 g, 6.15 mmol), B2(pin)2 (1.87 g, 7.38 mmol), PdCl2(dppf)ͶCH2Cl2 (252 mg, 0.308 
mmol), and potassium acetate (1.79 g, 18.5 mmol) was added DMSO (30 mL) at 25 °C. The mixture was 
heated to 90 °C for 12 h. The reaction mixture was cooled to 25 °C and poured into water. The resulting 
solid was filtered and washed with water. The crude solid was subjected to silica gel column 
chromatography to give S6 as white solid (2.27 g, 4.23 mmol, 69% yield). 1H NMR (CDCl3) δ 8.71 (s, 1H), 
8.27-8.22 (m, 2H), 8.14 (d, J = 8.0Hz, 1H), 7.87 (d, J = 7.6Hz, 1H), 7.71-7.65 (m, 4H), 7.58 (t, J = 8.0Hz, 
1H), 7.53-7.47 (m, 3H), 7.44-7.31 (m, 3H), 7.28-7.22 (m, 2H), 1.42 (s, 12H). 
 
Synthesis of 1 
To a mixture of S6 (1.00 g, 1.87 mmol), 1-iodo-2,6-diphenylbenzene (1.00 g, 2.80 mmol), Pd2(dba)3ͶCHCl3 
(97 mg, 0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was added 
1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 
reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted with 
ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 
was subjected to silica gel column chromatography. The crude 1 was purified with preparative GPC and 
sublimation under reduced pressure to give 1 as white solid (538 mg, 0.843 mmol, 45% yield). 1H NMR 
(CDCl3) δ 8.19 (s, 1H), 8.05 (d, J = 6.8Hz, 1Hz), 7.88 (d, J = 7.8Hz, 1H), 7.70-7.60 (m, 5H), 7.51-7.46 (m, 
7H), 7.40-7.31 (m, 2H), 7.22-7.08 (m, 12H), 6.92-6.86 (m, 2H); 13C NMR (CDCl3) δ 155.7, 151.5, 142.4, 
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142.3, 141.1, 140.8, 139.5, 139.1, 137.0, 131.5, 130.0, 129.7, 128.9, 127.6, 127.5, 127.24, 127.22, 127.1, 
126.7, 126.1, 125.6, 124.6, 123.9, 123.6, 123.0, 122.3, 120.2, 119.9, 119.3, 112.2, 110.3, 109.1 (Fig. 1-21 
and 1-22). 
 
5.2 Synthesis of 2 
 
 
Synthesis of S7 
To a mixture of S1 (17.0 g, 46 mmol), carbazole (6.1 g, 36 mmol), potassium phosphate (19.3 g, 91 mmol), 
dipivolyl methane (2.9 mL, 14 mmol) and copper (I) oxide (1.3 g, 9.1 mmol) was added DMSO (170 mL) at 
25 °C. After stirring for 8 h at 100 °C, the reaction mixture was cooled to 25 °C and poured into water. The 
precipitated solid was filtered, washed with water and suck dried. The crude solid was subjected to silica gel 
column chromatography to give S7 as white solid (10.0 g, 24.3 mmol, 53% yield). 1H NMR (CDCl3) δ 8.21 
(d, J = 7.6Hz, 2H), 8.10 (d, J = 7.6Hz, 1H), 8.06 (d, J = 7.6Hz, 1H), 7.68 (d, J = 8.0Hz, 1H), 7.56 (t, J = 
8.0Hz, 1H), 7.48-7.37 (m, 5H), 7.33 (t, J = 7.6Hz, 2H), 7.26 (d, J = 8.0Hz, 2H). 
 
Synthesis of S8 
To a CH2Cl2 (50 mL) solution of S7 (5.00 g, 15.0 mmol), NBS (2.67 g, 15.0 mmol) was added at 25 °C. 
After stirring for 8 h, water was added. The organic layer was washed with water and brine, dried over 
MgSO4. After evaporation of the volatiles, S8 was obtained as white solid. S8 was used without further 
purification in the next step. 
 
Synthesis of S9 
To a mixture of S8 (5.00 g, 12.1 mmol), B2(pin)2 (3.70 g, 14.6 mmol), PdCl2(dppf)ͶCH2Cl2 (0.495 mg, 0.606 
mmol), and potassium acetate (3.57 g, 36.4 mmol) was added DMSO (50 mL) at 25 °C. The mixture was 
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heated 90 °C for 12 h. The reaction mixture was cooled to 25 °C and poured into water. The resulting solid 
was filtered and washed with water. The crude solid was subjected to silica gel column chromatography to 
give S9 as white solid (3.96 g, 8.62 mmol, 71% yield). 1H NMR (CDCl3) δ 8.72 (s, 1H), 8.26 (d, J = 7.64 Hz, 
1H), 8.14-8.11 (m, 1H), 8.07 (d, J = 7.52 Hz, 1H), 7.89-7.87 (m, 1H), 7.68 (dd, J = 1.32, 7.78 Hz, 1H), 
7.60-7.56 (m, 1H), 7.50-7.34 (m, 5H), 7.32-7.28 (m, 2H), 1.44 (s, 12H). 
 
Synthesis of 2 
To a mixture of S9 (1.00 g, 2.18 mmol), 1-iodo-2,6-diphenylbenzene (1.16 g, 3.27 mmol), Pd2(dba)3ͶCHCl3 
(113 mg, 0.109 mmol), SPhos (178 mg, 0.435 mmol), potassium phosphate (1.38 g, 6.53 mmol) was added 
1,2-Dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 
reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted with 
ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 
was subjected to silica gel column chromatography. The crude 2 was purified with preparative GPC and 
sublimation under reduced pressure to give 2 as white solid (527 mg, 0.938 mmol, 43% yield). 1H NMR 
(CDCl3) δ 8.01 (s, 1H), 7.99 (s, 1H), 7.87 (d, J = 7.8Hz, 1H), 7.64 (s, 1H), 7.58 (d, J = 7.8Hz, 1H), 7.49-7.30 
(m, 8H), 7.21-7.05(m, 12H), 6.91-6.85 (m, 2H); 13C NMR (CDCl3) δ 156.1, 151.0, 142.4, 142.2, 140.8, 
139.5, 139.2, 131.5, 130.00, 129.97, 129.7, 127.7, 127.6, 127.1, 126.6, 126.0, 125.9, 125.6, 124.0, 123.8, 
123.5, 123.4, 123.2, 123.0, 122.2, 120.8, 120.1, 119.9, 112.1, 110.3, 109.1 (Fig. 1-23 and 1-24). 
 
5.3 Synthesis of 3 
 
3 
 
To a mixture of S6 (1.00 g, 1.87 mmol), 2-bromobiphenyl (653 mg, 2.80 mmol), Pd2(dba)3ͶCHCl3 (97 mg, 
0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was added 
1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 
reaction mixture was cooled to 25 °C, was filtered through a pad of Celite®. The filtrate was extracted with 
ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 
was subjected to silica gel column chromatography. The crude 3 was purified with preparative GPC and 
sublimation under reduced pressure to give 3 as white solid (632 mg, 1.13 mmol, 61% yield). 1H NMR 
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(CDCl3) δ 8.20 (s, 1H), 8.09-8.06 (m, 3H), 7.67-7.59 (m, 5H), 7.54-7.04 (m, 18H); 13C NMR (CDCl3) δ 
155.7, 151.7, 141.9, 141.14, 141.10, 141.06, 140.7, 139.6, 137.0, 133.8, 131.1, 130.7, 130.0, 128.9, 128.5, 
127.9, 127.51, 127.45, 127.3, 127.2, 127.1, 126.8, 126.3, 126.2, 125.9, 124.5, 123.8, 123.7, 123.6, 122.2, 
121.4, 120.3, 120.2, 120.1, 119.3, 112.3, 110.4, 109.6 (Fig. 1-25 and 1-26). 
 
5.4 Synthesis of 4 
 
4 
 
To a mixture of S6 (1.00 g, 1.87 mmol), 1-bromo-2,6-diisopropylbenzene (676 mg, 2.80 mmol), Pd2(dba)3Ͷ
CHCl3 (97 mg, 0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was 
added 1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. 
The reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted 
with ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the 
residue was subjected to silica gel column chromatography. The crude 4 was purified with preparative GPC 
and sublimation under reduced pressure to give 4 as white solid (555 mg, 0.974 mmol, 52% yield). 1H NMR 
(CDCl3) δ 8.23 (s, 1H), 8.13 (t, J = 8.8Hz, 2H), 7.95 (s, 1H), 7.75 (d, J = 7.8Hz, 1H), 7.69-7.66 (m, 3H), 
7.59-7.17 (m, 13H), 2.82-2.68 (m, 2H), 1.14-1.04 (m, 12H).; 13C NMR (CDCl3) δ 155.8, 151.8, 147.6, 147.5, 
141.14, 141.13, 140.1, 139.8, 137.1, 132.5, 128.9, 127.73, 127.70, 127.5, 127.33, 127.26, 126.8, 126.4, 126.1, 
124.6, 123.8, 123.6, 123.5, 122.51, 122.45, 122.39, 120.9, 120.4, 120.23, 120.21, 119.4, 112.4, 110.6, 109.7, 
30.3, 30.2, 24.3 (Fig. 1-27 and 1-28). 
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5.5 Synthesis of 5 
 
5 
 
To a mixture of S6 (1.00 g, 1.87 mmol), 3-bromobiphenyl (653 mg, 2.80 mmol), Pd2(dba)3ͶCHCl3 (97 mg, 
0.0934 mmol), SPhos (153 mg, 0.374 mmol), potassium phosphate (1.19 g, 5.6 mmol) was added 
1,2-dimethoxyethane (10 mL) and water (2 mL) at 25 °C. The mixture was heated under reflux for 6 h. The 
reaction mixture was cooled to 25 °C and filtered through a pad of Celite®. The filtrate was extracted with 
ethyl acetate, washed with water and brine, dried over MgSO4. After evaporation of the volatiles, the residue 
was subjected to silica gel column chromatography. The crude 5 was purified with preparative GPC and 
sublimation under reduced pressure to give 5 as white solid (707 mg, 1.26 mmol, 67% yield). 1H NMR 
(CDCl3) δ 8.45 (s, 1H), 8.25 (d, J = 7.8Hz, 2H), 8.23 (s, 1H), 7.95 (s, 1H), 7.72-7.27 (m, 23H); 13C NMR 
(CDCl3) δ 155.8, 151.8, 142.6, 141.8, 141.41, 141.37, 141.1, 140.5, 137.1, 133.7, 129.2, 128.9, 128.8, 127.5, 
127.35, 127.32, 127.2, 126.9, 126.4, 126.3, 126.2, 125.6, 125.5, 124.5, 124.2, 123.8, 122.2, 120.5, 120.3, 
119.4, 119.0, 112.3, 110.6, 110.4 (Fig. 1-29 and 1-30). 
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Fig. 1-21. 1H NMR spectrum of 1. 
 
Fig. 1-22. 13C NMR spectrum of 1.  
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Fig. 1-23. 1H NMR spectrum of 2. 
 
Fig. 1-24. 13C NMR spectrum of 2. 
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Fig. 1-25. 1H NMR spectrum of 3. 
 
 
Fig. 1-26. 13C NMR spectrum of 3. 
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Fig. 1-27. 1H NMR spectrum of 4. 
 
Fig. 1-28. 13C NMR spectrum of 4. 
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Fig. 1-29. 1H NMR spectrum of 5. 
 
Fig. 1-31. 13C NMR spectrum of 5.  
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1. Ƅ˱  
1.1 ǨȊĄŨÆ  
 ǨȊĄŨÆ17ĄŨÆ6ɅƣOɱ$ǨȊǮǒ610KȼȊǮǒ1ęȃ4ͮȎőO\
R1$K pķĄŨÆ1͓ͮŐO\R1$K nķĄŨÆJǨȊĄŨÆOÊ,)ǨȊt
fgm6ɭɾ̿ɜȠɜÿ"/Ks{TgɅƣ4-/7eb326ȼȊǮǒ1Ȓ̏$K
1úKD66̲̎ÿň͗ɽÿ\eÿćòĔʱ326ðȺK1I͓Ő
|E\esSgT32<6ƟɑǪƔ L/KǦ̗07ǨȊĄŨÆ6Ǹ̋
ƣOðɑ"/ǣILKetķg\v˦È Lg\"4ǭ6ǣ,)f
0DSpt"/ĐJ̖B10K[1]¸4D\e3͓Ő|EȥǡsSg
´ŸɟʲRFIDm_32řɑÿ4ě)ɭɾ$$CIL/K@)̀ņʟOĔ˗
à4ŅǄ$Ks{TgD̿ɜ̡CIL/K[2] 
 
1.2 ǨȊ͓ɖýǷtfgm (OFET) 
 ǉƹĺǵat͓Ȁ1atʙʢʳ6ƒõOǷ)"'64ǨȊĄŨÆűH:kgu
T͓ȀO̮ʪ")ʑŐȂ̟Otpbm^ttatķ1Ģ;(Fig. 2-1a)ǨȊĄ
ŨÆ6Ʌƣ˥Î47ȿ̯ÿebʳ6űOˋ͗4D-ͨuebĺǵOɑK1Ň
@)tpbm^tķǨȊ FET7Èˑ6"E$ 6A3I%ǨȊĄŨÆű1kgͰu
T͓ȀǮǒ16şɧƣDH'6)C\RȞâ4Ǩð31IͨɹþƆřɊ"E
$tfgmȂ̟0K[3.4] 
 
 
Fig. 2-1. (a)tpbm^ttatķtfgm6ȁəį.  
(b)ǭɭɾ0ɑ)oxž(750 µm)1ox̼(50 µm). 
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 þÈĊɌ7ǨȊĄŨÆǮǒOÊ,/K1ȺO͆/ȼȊĄŨÆ1ęȃ0K$3N+
̳Ű͓Ȁʙʢű/ĄŨÆű6NFK MISȂ̟\|em6ĄŨÆű4kg͓ȀI\RO
Ìʘ"ĄŨÆű4˄ɽ L)\ROuT͓ȀIĐJê"/Kkg/uT͓Ȁ
6ž0KoxžO Wkg͓Ȁ1uT͓Ȁ̀6̆͐0Kox̼O L1$K
ʷɞ4 FET7kg͓Ȁ7Rg1-3,/Jat͓Ȁ1uT͓Ȁ4͓ĲOćù"
/uT͓Ȁ4ȡLKuT͓ȡ(Id)Oñƚ$Kat͓Ȁ4͓Ĳ(Vg)Oćù$K1kg͓
ȀIǨȊĄŨÆű4\RȞâ LǨȊĄŨÆű4\R˄ɽ L͓ȡȡLK
@)6\R˄ɽ̒̚ LK̬ëOox1Ģ;ǭɭɾ07ox̼O 50 µm
oxžO 750 µm1")(Fig. 2-1 b) 
 
1.3 ǨȊĄŨÆ4KǦ̨3ëŐ̮ě  
 ǭɭɾ6ɣɞ7ǨȊĄŨÆs{Tgå6ëŐ̮ěOñƚǦ̨ÿ$K14HJ͓ʾɹþɅƣ
6ěOřɊ$K10KOFET07͓Ȁ4ţ"/ȇǖě4͓ʾO̒̚$K1Iĺǵ4
ţ"/sSg^ɆëŐʁ,)(Edge-on)Ɇƪ0Ɓˉ̮ě(Fig. 2-2 a)$K14HJ͓ʾ̒̚Ʌƣ
ě$K[5.6]@)ǨȊŉ͈͓Ș(OPVs)4/7͓Ȁ4ţ"/ʣǖě4͓ʾ̒̚K1
Iĺǵ4ţ"/ëŐš)(Face-on)Ɇƪ0Ķɤǖě4ëŐ£;(Fig. 2-2 b)14HJ͓ʾ̒̚
Ʌƣě"à͓ŅǄýɉ6ěǪƔ0K[7.8] 
 
Fig. 2-2. Ǧ̨ÿ L)ëŐ̮ě6ȆƋį. 
ëŐĺǵ4ţ"(a)ʁ,)(Edge-on)̮ě. (b)š)(Face-on)̮ě. 
 
 
 
 
  
(a) (b)
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1.4 ̶meRw (CuPc)6ɰȓɛǖƣ  
 CuPc7ňƃK πäƒʍI3KsSg^ɆëŐ0¤Ɲ4 Cu2+̮Ã")̸Æ0K
¤Ɲ̳Ű Cu2+6̮ÃŐĽëˎOʭK1g S = 1/2OD-ɰĽ7 d͓ŐHJDĎɰƣ6 π
͓Ő4Ƒ͙$KmeRwëŐ6ţɸ̍4ţ"/Ɓˉ3ɰÿŝǞ̍O K||ĶɤǖěO K1
$K1πäƒ6Ďɰƣɛǖƣ ΔK7ȍƋ 
	ΔK = K||−K⊥( )⋅⋅⋅ 8( )  
0ɱ L(K– K||) > 00K(ˋ 2-1) [9] -@JCuPc7ɰĽ4ţ" Kǖě4̮ě"E$ëŐ
0K(Fig. 2-3 a–b) 
 
ˋ 2-1. CuPc6Ďɰƣ π͓Ő6ɰȓɛǖƣ. 
 
 
 
 
Fig. 2-3. (a) CuPc6ëŐȂ̟1ɰÿŝǞ̍. (b) ɰĽ4HKëŐđKt^(N)1Ĭ̌6ȆƋį. 
 
1.5 mi6ɰȓɛǖƣ  
 mi7jɍ 5-ɤ̺4ʦ,)ëŐȂ̟0K(Fig. 2–4 a–b)@)ɰĽ7
Ďɰƣ6 π ͓Ő4Ƒ͙$K1ë,/Kmi6ɰÿ̍7 K1K2K3I3J
K1K2͗å4ƃ,/K̍0JK37 K1K24ţ"Ķɤ46:K̍0K@)K1 (= K2)
1­»ô6ļğIë,/K0mi6ɰȓɛǖƣ7ȍƋ 
	ΔK = K3 −K1 =3 χM −K1( )⋅⋅⋅ 9( )  
0ɱ L271.5×10-6 [cm3 mol-1]0K[10] 
 
ˋ 2-2. mi6Ďɰƣɰÿɉ. 
 
 
 
N
NN
N
N
N
N
N M
D4h
K⊥
K //
H //H⊥
N
N
(a) (b) H
 (K– K||) [1×10-6 cm3 mol-1] 
CuPc 644 
 –χM•103 –K1•103 ΔK [1×10-6 cm3 mol-1] 
mi 205.4 114.9 271.5 
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Fig. 2-4. mi6(a) ëŐȂ̟. (b) ëŐ̮í6ȆƋį. 
 
 
1.6 ǭɭɾ6ɣɞ  
 ǭɭɾ6ɣɞ7ǨȊĄŨÆs{Tgå6ëŐ̮ěOñƚǦ̨ÿ$K14HJ͓ʾɹþɅƣ
6ěOřɊ$K10KOFET07͓Ȁ4ţ"/ȇǖě4͓ʾ̒̚K1Iĺǵ
4ţ"/miëŐʁ,)(Edge-on)Ɇƪ0Ɓˉ̮ě$K14HJ͓ʾ̒̚Ʌƣě$
Kǭɭɾ07ͨ͓ȓ¿ŨƆÿŔɞŖŘ326ɅƜOD+OFET 4HÊɑ LK CuPc 1
miOɑ/ɭɾOˉ,)ëŐ̮ěñƚ6ǖȜ1"/ɰȓɛǖƣ6˙ȺIȕ§ɰɬ
4HKņ̬ɰĽ4ĺǵO̮ʪ")Ɇƪ0ɦɿȿ˃ɧO˦A)(Fig. 2-5 a–b) 
 ù/˃ɧ¤6ĺǵùȿE˃ɧƖ6Rw4HJëŐ7HJŖŘ3ʖǡȂ̟OƐƫ$K
1ļğ L/Kʖǡƣ6ě4HKXfŅÿE FETɅƣǊĩD˙ȭ L/J
FETɅƣǊĩ6)C6Ǩ÷3ƯȜ6-1"/ƼILK'6)CmiOɦɿ˃ɧ$K
͌47ɰĽćù4ù/ĺǵùȿ(25, 45, 60 75, 90 °C)Oˉʖǡƣ6ŅÿO˙ȭ")@)ȊĪ
6iptRpĶɤɰĽćù¤06ĺǵùȿ7ˉ33)CȼɰĽƁˉɰĽ(0.5 T)06
AȭŘOˉ3,) 
 
 
Fig. 2-5. ɰĽ06ɦɿ˃ɧ6ȁəį. (a)ƁˉɰĽ. (b)ĶɤɰĽ. 
 
  
c
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2. řͦǖȜ  
2.1 ǭɭɾ0Êɑ")ÿĘɄǮǒ  
 ʅ 2ʂ0Êɑ")ÿĘɄǮǒOˋ 2-34@1CK 
 
ˋ 2-3. ʅ 2ʂ0Êɑ")ÿĘɄ. 
ÿĘɄĚ Ȃ̟Ƌ ˿â/âƯÝ 
CuPc 
 
Copper Phthalocyanine 
 
Sigma Aldrich Co. 
NiPc 
 
Nickel Phthalocyanine 
 
Sigma Aldrich Co. 
H2Pc 
 
Phthalocyanine 
 
Sigma Aldrich Co. 
mi  
 
Sigma Aldrich Co. 
HMDS 
1,1,1,3,3,3-hexamethyldisil
azane 
 
Sigma Aldrich Co. 
 
 
 
 
 
 
  
N
NN
N
N
N
N
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N
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N
N
N
N
N Ni
NH
HNN
N
N
N
N
N
H
N SiSi
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2.2 ǭɭɾ0Êɑ")ˏʪ  
 ʅ 2ʂ0Êɑ")ˏʪĚ1sˑ̟ǿʮOˋ 2-44ɱ$ 
 
ˋ 2-4. ʅ 2ʂ0Êɑ")ˏʪ. 
ˏʪĚs ˑ̟ǿʮ 
gbm 1H-D7 ZcǺƋ¾ɲ 
ƤȬȄ EC-40R RhǺƋ¾ɲ 
ɦɿ˃ɧĪ SVC-700TMSG/7PS80 c͓ŐǺƋ¾ɲ 
XʟĬƳ MiniFlex 600, Smart Lab. ǺƋ¾ɲ[^ 
ĊŐ̀÷͢ƛ̻  WgRTRTvyr^yfǺƋ¾ɲ 
ĄŨÆRvTd SCS4200 KEITHLEY 
́ǹķ͓Ő͢ƛ̻ JSM-5610 Ǜǭ͓ŐǺƋ¾ɲ 
 
 ĄŨÆRvTd4HKê÷ɅƣȭŘ07at{TRgO 0 VI-10 V%--50 V@0ćù
"ėat{TRg4/uT{TRgO 0 VI-50 V@0ćù")ȍ0¿̦Ʌƣ
ȭŘ07uT{TRgO-50 V4İŘ"at{TRgO 10 VI-50 V@0ćù"ȭŘ
Oˉ3,)¿̦ɅƣIƙIL)smOD14Ƌ(10)Oɑ͓ɖýǷɹþƆOȖC)[1] 
 
	 Id = µWCi2L Vg −Vth( )⋅⋅⋅ 10( )  
 
0IdʹuT͓ȡVgʹat͓ĲVthʹ͂Ö͓ĲµʹɹþƆWʹoxžLʹo
x̼0K@)ǭɭɾ07 W = 0.75mmL = 50 µm0K 
 
2.3 ņ̬ɰĽ06 FETʑŐÈˑȜ  
 ĺǵÈˑ1"/ 1.5 cmīǖ4ìJê") SiO2(200 nm) / Siĺǵ4 1,1,1,3,3,3-\cofe
d(HMDS)O 1–2ȳȳ"gbtȜ(3000 rpm, 60 s)0ƫʳ"ɦɿY(110°C, 1 h)
0ªɁ")'6ƖHMDSéɌ") SiO2 (200 nm) / Siĺǵ4͓Ȁ6|pu1"/|puɑ
g^0 Ti (3 nm) /Au (2 nm)O˃ɧ")ȍ0ǨȊɄ˾oxg^OɑǨȊɄOȼɰĽ
ĶɤɰĽƁˉɰĽ0ɦɿ˃ɧȜOɑ 15 nmƫʳ")'6Ɩ͓Ȁɑg^Oɑ/ Au (50 nm)
6ɦɿ˃ɧOˉ,) 
 

ČʭǑɈ ---------------------------------------------------------------- 
[1] ṟ́ʹȩ äˣ \prİÆɄɌŔâ̽ ʅ 8Ƀ ¥ĩǺƋ¾ɲ.  
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3. ʖǷ~CuPc~ 
3.1 XRDȭŘ  
3.1.1 Out-of-PlaneȭŘ  
 MPc(M=Cu, Ni)H2Pc˅ʳ6 Out-of-PlaneȭŘʖǷOɱ$0¤Ɲ̳Ű4gOƹ)3
 Ni1¤Ɲ̳Ű6ȼ H2PcOɑ)Ɍɓ7ɰĽ6Ƒ͙OđKĭŐ π͓Ő0K1O˯
=K)C0K(ˋ 2-5) 
 
ˋ 2-5. ɰĽ6Ƒ͙OđK1ʭILKĭŐ. 
CuPc π͓Ő + S = 1/2 
H2Pc π͓Ő 
NiPc π͓Ő(S = 0) 
 
 ˦ǒÈˑǱ¼7ɦɿ˃ɧȜ0ǨȊ˅ʳ 50 nmɰĽƎƆ7 0.35 T0ƫʳOˉ3,)'6ʖǷ
ė˅ʳ6 XʟĬƳ|m0 2θ = 6.8 °4̷^ɯ˨ L)(Fig. 2–6 a-c)p_6Ǳ¼Ƌ
(11)HJǻŐ̀͋(d = 12.8 Å)Ȗ@JMPc 6ȇž6̼ 4>?ʵ$K1Iĺǵ4ţ"
Edge-on̮ě")ʖǡȂ̟OƐƫ$K1ɯ˨0) 
	2dsinθ = nλ ⋅⋅⋅ 11( )  
@)ʶ ġȦ14ĺǵ4ţ"/Ķɤ4ɰĽOćù")1ė˅ʳ6(200)6ĬƳ^ƎƆ
ȼɰĽ0Èˑ")˦ǒ1Ȓ̏"/ʏ 1.5Õ6łùAIL)(Fig. 2-6 a–c ̀) 
ɑ)ã/6ëŐ6 Edge–on̮ěƣĶɤɰĽ0łň"/K1Iɯ4 CuPc4/
ɰĽ6Ƒ͙OđKĭŐ π͓Ő0K1ʭILK 
 
Fig. 2-6. Out-of-PlaneȭŘ(̀:ĶɤɰĽ, ͔:ƁˉɰĽ, ͫ:ȼɰĽ). (a)CuPc. (b)NiPc. (c)H2Pc. 
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Fig. 2-7. Au(10 nm)4ƫʳ") CuPc˅ʳ6 Out-of-PlaneȭŘ. 
 
  I46ɰĽ6Ƒ͙4-/ɪK)C4Au(10 nm)ƫʳ")ĺǵ0ęȃ6ȭŘO˦A
)AuOɑ)Ɍɓ1"/CuPc̳ŰƁ͗07ĺǵ4ţ"/šK(Face-on)̮ěO1K1
ɱ L/K)C0K[1] 
 ʖǷ1"/ȼɰĽƁˉɰĽ07ǚ4ɪIL/KH4 Edge-on̮ěƣ7ɯ˨êǲ3,)
L7π͓Ő1̳Ű6ɥ¯Èɑ4H,/ëŐƁ͗ĺǵ1ěĘH4̮ě$KǖWx]
ɞ4ŖŘ0K)C1ʭILK(Fig. 2-7)ǖĶɤɰĽ0ƫʳ") CuPc˅ʳ4/7
ȼɰĽƁˉɰĽ0˙ȭ L3,) CuPc(200)6ĬƳ^Oƙ)ĶɤɰĽ4HJƍ3I
D Edge-on̮ě")1ʖǷ7ɰĽ4H,/ëŐ6̮ěƣOŅÿ &)11Oɱ"/
K(Fig. 2-7) 
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3.1.2 In-PlaneȭŘ1×àĞďg^tȭŘ  
 ĶɤɰĽ0 Edge-on̮ě6ěO˙ȭ")ƁˉɰĽ06Ņÿ7˕IL3,)'0͗
å4ƁˉɰĽ0Èˑ")˦ǒ6͗å̮ěƣȭŘOˉ3,)@)͗å4Ç"I6̮ěƣ
L8Ğďg^t4ŅÿɊLK1ʭ×àĞďg^tȭŘOˉ3,)ʖǷIn-Plane
ȭŘI7͗å6̮ěƣ7˙ȭ L3,)(Fig. 2-8 a)@)ɰĽ0Èˑ")˦ǒ6×àĞď
g^tȭŘ4/Ḑ7˙ȭ L3,)(Fig. 2-8 b) 
 
Fig. 2-8. (a)In-PlaneȭŘ. (b)×àĞďg^tȭŘ.(ͫ:ȼɰĽ, ͔:ƁˉɰĽ). 
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3.2 FETɅƣ˥Î  
3.2.1 CuPc 
 ǨȊ˅ʳ 15 nmɰĽƎƆ 0.35 T, 0.5 T0˦ǒÈˑOˉ3FETɅƣ(ê÷Ʌƣ¿̦Ʌƣ)Oȭ
Ř")@)¿̦ɅƣI͂Ö͓ ɖýǷɹþƆOȖC)ȭŘʖǷO»4@1CK(Fig. 2-9, ˋ
2-6) 
 
Fig. 2-9. ė FETɅƣȒ̏ (ͫ:ȼɰĽ, ̀:Ķɤ (0.35 T), ʝ:Ķɤ(0.5 T), ͔:Ɓˉ(0.5 T)).  
(a)ê÷Ʌƣ. (b)¿̦Ʌƣ. (c)"Ö. (d)͓ɖýǷɹþƆ. 
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ˋ 2-6. ɰĽ0Èˑ")ʑŐ6 FETɅƣ. 
 No H H⊥ = 0.35 T H⊥ = 0.5 T 
H// = 0.35 T 
(⊥ Channel) 
H// = 0.35 T 
(// Channel) 
µFET  
(x 10–3 cm2 V–1 s–1) 
1.75 2.55 3.81 1.33 1.64 
Vth (V) –18.6 –11.0 –1.4 –18.1 –12.8 
on/off ( x 104) 4.2 1.4 16.0 3.0 3.6 
 
 ʖǷȼɰĽ0Èˑ") FETʑŐ4ţ"ê÷Ʌƣ–2.5×10-7 [A]4ţ"ĶɤɰĽ0Èˑ"
)ʑŐ7–9.2×10-7 [A]1ʏ 4Õ6͓ȡÖƙIL)@)¿ŨɅƣȭŘIƙIL)ÖHJ͓ʾ
ɹþƆO˞ʈ$K1ȼɰĽ0Èˑ") FETʑŐ07 1.77×10-3 [cm2/Vs]0,)64ţ"Ķɤ
ɰĽ0Èˑ") FETʑŐ7 3.05×10-3 [cm2/Vs]1ʏ 2Õ6ɹþƆOƙK1êǲ)L7Ķ
ɤɰĽ4HJĺǵ4ţ"ëŐʁ+͓ʾȞâ͍ŃȫŪ")11\Rɹþgh4
3,)1Ʌƣě6Ɍɓ1"/ƼILKř͌"ÖOȖC)1MĶɤɰĽ(0.5 T)
ćù¤0Èˑ") FETʑŐ6"Ö7–18.6 VI–1.6 V@0Äȫ"/K1ɱ L)(Fig. 
2-9c. ˋ 2-6) 
 
 
3.2.2 NiPc, H2Pc 
 NiPc1 H2Pc4-/Dņ̬ɰĽćù¤0ƫʳ"FETʑŐOÈˑ")NiPc4́"/7Ū"Ʌ
ƣěɯ˨êǲ)"" H2Pc4́"/7Ʌƣˁ+KʖǷ13,)""%LDɅƣ
ÄȎ"Ʌƣ˥Îêǲ/31ʭK(Fig. 2-10 a–b) 
 
Fig. 2-10. (a) NiPc. (b) H2Pc6¿̦Ʌƣ1͓ɖýǷɹþƆ(Inset). 
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3.3 AFMȭŘ  
 ĶɤɰĽ4HJ͓ɖýǷɹþƆě$K­O˕*")'0ˋ͗Ɇƪ4Ņÿȼ
AFMȭŘOˉ3,)(Fig. 2-11) 
 ʖǷ_TcTh1 RMSxg4Ņÿ7>?ȼ_TcTh7 48 nmI 55 nm
RMSxg7 0.79 nmI 0.75 nm0,)(ˋ 2-7)6ʖǷHJˋ ͗Ɇƪ4Ʌ4Ņÿȼ
­ǝI13JėuT6ʖǡƣě")1­ɱħ L) 
 
ˋ 2-7. AFM6ėȭŘʖǷ. 
 No H Vertical H (0.5 T) 
ƁĵʋŐƓ (nm) 48 55 
RMSxg (nm) 0.79 0.75 
 
 
Fig. 2-11. (a) ȼɰĽ(b) ĶɤɰĽ0Èˑ") CuPc (50 nm)˅ʳ6 AFMÛ. 
 
 
 
 
 
 
 
 
 
 
 

ČʭǑɈ ---------------------------------------------------------------- 
[1] M. K. Debe et al., Thin Solid Films 1990, 186, 289. 
  
200 nm 200 nm
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4. ʖǷ~mi~ 
4.1 ʞ˝  
 CuPc 6ßˉɭɾIɰȓɛǖƣOD- π äƒʍëŐ7ņ̬ɰĽćù4HJ Edge-on ̮ěƣě
"FET ɅƣǊĩ$K­O˕ê")[1]'0 CuPc 1ęȃ4 π äƒʍɰȓɛǖƣOD+ͨ
ɹþƆǪƔêǲKmiOɰĽ(ȼɰĽĶɤɰĽƁˉɰĽ)4ùƫʳǠ4ĺǵùȿ
Oˉ10Ǥ3K FETɅƣǊĩOɣƺ") 
 
4.2 XRDȭŘ  
 FETɅƣ7ĺǵIǏëŐ͓ʾ̒̚4Ş $K­Iˋ ͗Ɇƪ6̧O˙ȭ$KȻ4 XRD
AFM6˦ǒ7ʳĉO 3 nm(2ëŐɻƆ)1")ɌƧɞ3ëŐ̮ě7 Edge-on̮ěƣ-͓Ȁ4ţ"
ëŐ π äƒƁ͗6Ȝʟǖě4gmp^$K1ƼILK[2.3]'0ė˦ǒ4-/͗ņ
(Out-of-Plane)͗å(In-plane)6 XRDȭŘOˉ3,)ʖǷOȍ4ɱ$ 
 
4.2.1 Out-of-PlaneȭŘ  
 ȭŘʖǷHJ2θ = 5.4 (°)4̷^ɯ˨ L)(Fig. 2-12)p_6Ǳ¼ƋHJǻŐ̀͋
(d = 15.4 Å)Ȗ@Jmi7 c̮̍ě"/K1ëK@)ȼɰĽ0Èˑ")
mi(001)6^ƎƆ1Ȓ̏"ĶɤɰĽ0Èˑ")˦ǒ0 1.2ÕƁˉɰĽ0Èˑ")
˦ǒ0 1.1Õ6^ƎƆOƙILK1O˕ê")ĶɤɰĽ4́"/7mi6ɰȓɛ
ǖƣĶɤɰĽ4Ƒ͙" Edge-on̮ěƣOě &))C*1ʭILKǖƁˉɰĽOćù
")͌4Dʻƀ^ƎƆě")L7ɰĽćù6Ƒ͙4H,/uT6cThň
3,)60731ʭILKȍ4 In-Plane6ȭŘʖǷOɱ$ 
 
Fig. 2-12. mi˅ʳ(3 nm)6 Out-of-PlaneȭŘ. 
(ȸ:Siĺǵ, ͫ:ȼɰĽ, ͔:ƁˉɰĽ, ̀:ĶɤɰĽ). 
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4.2.2 In-PlaneȭŘ  
 mi˅ʳ4/͗å6ʖǡƣʹ3)C3 nm˅ʳ07˙ȭêǲ3,)'
6)CʳĉOĉ"50 nm0˅ʳOÈˑ"ȭŘOˉ3,) 
 ʖǷƁˉɰĽ4H,/͗å6̮ěƣě$K­OǪƔ"/)͗å6ɛǖƣ7˙ȭ L%
In-planeȭŘ4/ɰĽ6Ƒ͙7ȼD61ʭILK(Fig. 2-13 a–b) 
 
Fig. 2-13. (a) In-PlaneȭŘ. (b) φ˚ƆÍŒƣ.  
(ͫ: ȼɰĽ, ͔: ƁˉɰĽ, ̀: ĶɤɰĽ). 
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4.3 AFMȭŘ  
 FET Ʌƣ4́"/ĺǵ6ˋ͗ɆƪƑ͙$K17ô̙")Ʌ4 FET ʑŐ6\RɹþƆ
7uT6cThExg4ňƑ͙OđK1Ňļğ L/K[4–8] 
 
ˋ 2-8. AFMȭŘ4KėȭŘʖǷ. 
 No H Vertical H (0.5 T) Parallel H (0.5 T) 
ƁĵʋŐƓ (nm) 71.9 71.8 99.6 
ƁĵʋŐ͗ɽ (103 nm2) 4.05 4.09 7.79 
ʋŐǏ (Ô) 97 95 75 
RMSxg (nm) 1.91 2.11 1.97 
 
 
Fig. 2-14. (a) ȼɰĽ. (b) ĶɤɰĽ. (c) ƁˉɰĽ0Èˑ")˦ǒ6 AFM2ȍÝÛ. 
(d) ȼɰĽ. (e) ĶɤɰĽ. (f) ƁˉɰĽ0Èˑ")˦ǒ6 AFM 3ȍÝÛ. 
 
 
 ė˦ǒO AFM ˙Ţ")ʖǷȼɰĽ1ĶɤɰĽ4/xgEuT6cTh4ň
3Ņÿ7˕IL3,)ƁˉɰĽ0Èˑ")˦ǒ4-/7ň3Ņÿɯ˨êǲ)(Fig. 
2-14 a–f. ˋ 2-8) 
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4.4 FETɅƣ˥Î  
 
Fig. 2-15.ė FETɅƣ6Ȓ̏(ͫ: ȼɰĽ, ̀: ĶɤɰĽ(0.5 T), ͔: ƁˉɰĽ(0.5 T)).  
(a) ê÷Ʌƣ. (b) ¿̦Ʌƣ. (c) "Ö. (d) ͓ɖýǷɹþƆ. 
 
 
ˋ 2-9. ɰĽ0Èˑ") FETʑŐ6ė FETɅƣ. 
 No H H⊥ = 0.5 T 
H// = 0. 5 T 
(⊥ Channel) 
H// = 0. 5 T 
(// Channel) 
µFET  
( cm2 V–1 s–1) 
0.007  0.064 0.162  0.112 
Vth (V) -13.1  -12.7  -18.6  -23.8  
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 ʖǷȼɰĽ0Èˑ") FETʑŐ1Ȓ̏"/ĶɤɰĽ0Èˑ")ʑŐ6ê÷Ʌƣ7 7ÕƁ
ˉɰĽ0Èˑ")ʑŐ6ê÷Ʌƣ7 11Õ0,)¿̦Ʌƣ4́"/7ȼɰĽ0Èˑ")
ʑŐ1Ȓ̏"/ĶɤɰĽ0Èˑ")ʑŐ7ʏ 9ÕƁˉɰĽ0Èˑ")ʑŐ7ʏ 23Õ0,
) I4ǭȭŘI"ÖO˞ʈ$K1ȼɰĽ0Èˑ") FETʑŐ(Vth= –13.1 V)1Ȓ̏
"/ĶɤɰĽ0Èˑ") FETʑŐ6"Ö7–12.7 V1ȫŪ")(Fig. 2-15, ˋ. 2-9) 
 0ė FETɅƣ(ê÷Ʌƣ¿̦Ʌƣ͓ɖýǷɹþƆ)4́"/ĶɤɰĽOćĔ$K­0
ɅƣǊĩ")Ɍɓ7 Edge-on̮ěƣ6ěŞ "'"/ƁˉɰĽ0Ʌƣě")Ɍɓ7u
T6cThň3K­4HK FETʑŐå̬6ƶƲȫK­4̂ĭ$K1ʭILK 
 
 
4.5 ĺǵùȿ4HKɰĽƎƆŅÿ  
 ĺǵùȿˏʪ6ȿ0xYfUɰɬ6ɰĽƎƆÄĈƦ LK'0ĺǵùȿ")͌6ɰ
ĽƎƆOȭŘ$K­0ùȿȬƆ4HKɰĽƎƆ6Ä4-/ȭŘ")ʖǷĺǵùȿ4HK
ɰĽƎƆ6ň3Ņÿ7ȼĺǵùȿ 90 6͌0D 0.5 TOʛƹ"/K­Oɯ˨")(Fig. 2-16) 
 
Fig. 2-16. ĺǵùȿȬƆ4ţ$KƁˉɰĽƎƆ. 
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4.6 XRD ~Out-of-PlaneȭŘ~ 
 ĺǵȬƆ(25, 45, 60, 75, 90 )0mi(15 nm)Oɦɿ˃ɧ"ʖǡƣOȭŘ")ʖǷȼ
ɰĽ0Èˑ")mi˅ʳ6(001)ĬƳ^ƎƆ7ĺǵȬƆ 60 6͌4Ǧň43,)
6Ƽþ7»ô4ļğ L/K˱Ǒ1ʵ"/JȎ"ȭŘêǲ/K­Oɱ"/K
ǖƁˉɰĽ0Èˑ")mi˅ʳ6(001)ĬƳ^ƎƆ7ĺǵȬƆ 90 6Ǡ4Ǧň4
3K1O˕ê")(Fig. 2-17) 
 
Fig. 2-17. ĺǵùȿ4HK XRDĬƳ^ƎƆŅÿ(ͫ: 25 , ͔: 60 , ʝ: 75 , ̀: 90 ). (a) 
ȼɰĽ(b) ƁˉɰĽ(0.5 T)4KėȬƆ0Èˑ")mi˅ʳ(15 nm)6ĬƳ^1ĺ
ǵȬƆ1mi(001)^ƎƆpt(Inset).  
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4.7 AFMȭŘ  
4.7.1 ȼɰĽ0Èˑ")mi˅ʳ  
 XRDȭŘ4ȍ0ėĺǵȬƆ0Èˑ")ĺǵ6ˋ͗ɆƪO AFM0˙ȭ")(1×1 µm) 
@)ȭŘ")uT6cThE RMSxgOɕÛ˛ǶIȖCėʖǷOȍ4@1CK 
(Fig. 2-18 a–f) 
 
Fig. 2-18. ȼɰĽ0Èˑ")mi˅ʳ6 AFM®ȍÝȍÝÛ. (a)(a’) 25 . (b) (b’) 45 . 
(c)(c’) 60 . (d)(d’) 75 . (e)(e’) 90 . (f) ĺǵùȿȬƆ4ţ$KuTcTh1 RMSxgŅ
ÿ. 
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4.7.2 ƁˉĽ0Èˑ")mi˅ʳ  
 XRDȭŘ4ȍ0ėĺǵȬƆ0Èˑ")ĺǵ6ˋ͗ɆƪO AFM0˙ȭ")(1×1 µm) 
@)ȭŘ")uT6cThE RMSxgOɕÛ˛ǶIȖCėʖǷOȍ4@1CK 
(Fig. 2-19 a–f) 
 
 
Fig. 2-19. ƁˉɰĽ0Èˑ")mi˅ʳ6 AFM®ȍÝȍÝÛ. (a)(a’) 25 . (b) (b’) 
45 . (c)(c’) 60 . (d)(d’) 75 . (e)(e’) 90 . (f) ĺǵùȿȬƆ4ţ$KuTcTh1 RMS
xgŅÿ. 
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4.8 FETɅƣ  
4.8.1 ȼɰĽǱ¼  
 mi˅ʳ 15 nmĺǵȬƆ 25, 60, 75, 90 0˦ǒÈˑOˉ3FETɅƣ(ê÷Ʌƣ¿̦
Ʌƣ)OȭŘ")@)¿̦ɅƣI͂Ö͓ɖýǷɹþƆOȖC)(Fig. 2-20, ˋ. 2-10) 
 
 
 
Fig. 2-20. ĺǵùȿ4HK FETɅƣŅÿ(ͫ: 25 , ͔: 60 , ʝ: 75 , ̀: 90 ). 
(a) ê÷Ʌƣ. (b) ¿̦Ʌƣ. (c) "Ö. (d) ͓ɖýǷɹþƆ. 
 
ˋ 2-10. ȼɰĽ0Èˑ") FETʑŐ6ė FETɅƣ. 
ĺǵȬƆ () 25 60 75 90 
µFET  
( cm2 V–1 s–1) 
0.007  0.010 0.030  0.058 
Vth (V) -13.1  -16.7  -18.2  -15.7  
 
 ʖǷ1"/ĺǵȬƆO/4-Lê÷Ʌƣ¿̦Ʌƣ\RɹþƆã/ě"/
­O˕ê")ɹþƆ4́"/725 0Èˑ") FETʑŐ4́"/ĺǵùȿ 90 0Èˑ
") FETʑŐ7ɹþƆʏ 8Õě$KʖǷ13,)  
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4.8.2 ƁˉɰĽǱ¼  
 mi˅ʳ 15 nmĺǵȬƆ 25, 60, 75, 90 0˦ǒÈˑOˉ3FETɅƣ(ê÷Ʌƣ¿̦
Ʌƣ)OȭŘ")@)¿̦ɅƣI͂Ö͓ɖýǷɹþƆOȖC)(Fig. 2-21, ˋ. 2-11) 
 ʖǷ1"/ĺǵȬƆO/Dê÷Ʌƣ¿̦Ʌƣ\RɹþƆɯ˨êǲ3ĺǵù
ȿOˉ10ɅƣK1O˕ê") 
 
 
Fig. 2-21. ĺǵùȿ4HK FETɅƣŅÿ(ͫ: 25 , ͔: 60 , ʝ: 75 , ̀: 90 ). 
(a) ê÷Ʌƣ. (b) ¿̦Ʌƣ. (c) "Ö. (d) ͓ɖýǷɹþƆ. 
 
ˋ 2-11. ƁˉɰĽ0Èˑ") FETʑŐ6ė FETɅƣ. 
ĺǵȬƆ () 25 60 75 90 
µFET  
( cm2 V–1 s–1) 
0.162  0.053 0.104  0.168 
Vth (V) -18.6  -18.9  -22.9  -23.2  
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ČʭǑɈ ----------------------------------------------------------------------------------------- 
[1] K. Tabata et al., Appl. Phys. Lett. 2013, 103, 043301/1–4. 
[2] Z. Fengjiao et al., J. Am. Chem. Soc. 2013, 135, 2338–2349. 
[3] L. Fabiola et al., ACS Nano 2013, 7, 1257–1264. 
[4] Z. Wang et al., Adv. Mater. Interfaces 2014, 1300119. 
[5] Y. Li et al., J. Phys. Chem. C 2014, ASAP. 
[6] A. D. Carlo et al., Appl. Phys. Lett. 2005, 86, 263501. 
[7] Y. Zhang et al., Appl. Phys. Lett. 2013, 103, 213304. 
[8] M. Kitamura et al., J. Phys. Condens. Matter. 2008, 20. 184011. 
  
 64 
5. ʭŢ  
5.1 ɰĽ6ýǷ  
5.1.1 CuPc 
 ĶɤɰĽ0ǨȊ˅ʳOƫʳ$K1Edge-on̮ěƣě")0ĶɤɰĽ0 edge-on
̮ěƣě$KɌɓOëŐ6ʴɓWx]1ɰĽIđKĬ̌t^IʭŢ") 
 ɛǖƣ ΔK4HKĎɰƣëŐ6Ĭ̌ƽþĎɰƣ6ʴɓWx]IʭK1 
	I d2θ /dt2( ) = −mΔKB2sin2θ ⋅⋅⋅ 12( )  
	U = −12KB2 ⋅⋅⋅ 13( )  
1ǥƋ(8)HJɛǖƣWx](ɰĽ̮ě6 KĬ̌t^)7 
	ΔU = −12 K||−K⊥( )B2 = 12ΔKB2 ⋅⋅⋅ 14( )  
13K-@Jņ̬ɰĽOćù")1ɰĽO̪KH4ëŐĬ̌$K14H,/ ΔU
ë*ŖŘ3Ȃ̟O1K1Oƨġ"/K(Fig. 2-22) 
 
Fig. 2-22. ɰĽ4HKëŐĬ̌6ȆƋį. 
 
F4ĶɤɰĽ0ëŐ4Ĭ̌t^O Edge-on̮ěO1JE$3K1NK»6
ʖǷǭɭɾ0˙ȭ")ĶɤɰĽ4HK Edge-on̮ěƣ6ě1ʖǷ6ǐĘƣɯ˨0)
@)'L1ęǠ4ĶɤɰĽćù4HJ FETɅƣ6͂ÖDňž4ȫŪ"/K1řͦʖǷH
Jë,/KLI61IEdge-on̮ěƣě4HJ͓ʾȞâgh43J(͂Ö
6Ä)ʖǷ1"/͓ȡÖO7#CɹþƆě")11NK 

H

H
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5.1.2 mi   
 CuPcęȃĶɤɰĽ0ė FETɅƣě")Ɍɓ7Edge-on̮ěƣ6ě4HK͂Ö6Ä
˓ĭ1ʭILKȍ4ƁˉɰĽ0 FETɅƣě")ɌɓOʭŢ$K 
 L@06řͦʖǷHJƁˉɰĽ0Èˑ")˦ǒ4K Edge-on̮ěƣE͗å6̮ěƣ7
ȼɰĽ0Èˑ")˦ǒ6ʖǷ1ň3̧7ɯ˨êǲ3,)""ɰĽ0Èˑ") FET
ʑŐ4/7ɹþƆʏ 23Õ13JɅƣě"/K'0Ĩ6̧˙ȭ L)ˋ
͗Ɇƪ(AFM)4ɧɣ")'6Ɍɓ1"/L@0mi6uTcTh1ɹþƆ6ɭɾ
ŇˉNL/J'LI6̀47ň3ɥ́Œĳ$K1ļğ L/KI0K[1-2]
Ňʖǡʍ4KɹþƆ6Ɍ˱Ƌ(15)IDuT6ň 4ȒË"/ɹþƆě$K­
ëK 
	 µ = q v l8kT exp − EbkT⎛⎝⎜ ⎞⎠⎟! 15( )  
0v	7͓ʾ6̞Ɔl7_TcThEb7_T{Un6Wx]͍Ń0
KŇ6ɭɾ4/uTcTh6bt7RwE˃ɧ̞Ɔ˃ɧǠ6[g
ʪǄ0ˉ,/K(Fig. 2-23a)[1]@)uTcThũ 3L83K>2å̬ƶƲě
$K1Dë,/K(Fig. 2-23b)[2] 
 
 
Fig. 2-23. (a)uTcTh1ɹþƆ6ɥ́. (b)uTcTh1å̬ƶƲ6ɥ́. 
 
 ""LI7ʳĉ 50~100 nm1ĉʳ6miˋ͗4ţ"/6ɭɾ0JFETɅƣ4
̰˓0KǦˋ͗6˵˱7 L/3@)Fig. 2–231ǭɭɾ0ƙIL)ɹþƆ4ǐĘƣȼ
1Iĉʳ0733 nm6mi˅ʳ6 AFMɕÛIƙIL)ėuTɆƪI
ɹþƆ6Ƒ͙OʭŢ") 
  
Rc
W
 (
kΩ
cm
)
Grain size (µm)
(a) (b)
Grain size (µm)
M
ob
ili
ty
 (
cm
2 /
 V
s)
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 ˋ 8 IėǱ¼6ʖǷOȒ̏$K1ĶɤɰĽ0Èˑ")˦ǒ7CuPc 6Ǡ1ęȃ4ň
3Ņÿ7˙ȭ L3,)""ʶġȦ­4ƁˉɰĽ0Èˑ")˦ǒ7uT6Ɓĵ
ʋƓȼɰĽEĶɤɰĽ1Ȓ̏"/ň3J(71.9→ 99.6 nm)Œĳ$KʋŐǏȫŪ"/K
(97→ 75)­ëKŇʖǡķtfgm6¦3ɅƣÄ6Ċĭ7uT̀6p_¿Ũ
Ǡ6ǆŋ0K1IƁˉɰĽćù6͌6uTcTh3JŒĳʋŐǏ6ȫŪ
ň FETɅƣ4Ş ")1ʭILK@)ļğ L/KɹþƆHJÄÖ0K67
FET ʑŐOÈˑ")͌6͓Ȁ–ǨȊĄŨÆ6bm^tƶƲEʖǡå6ëŐ̮ěƣʖǡuT
¤6 HOMO{uʄǅIʆ6ĊĭʭILK[3–5] 
 
5.1.3 p_¿Ũ4HKǆŋ  
 AFM ȭŘ0ƙIL)ƁĵʋŐƓ1ʋŐǏIox4Œĳ$KuTǏOȖCK­0
p_¿Ũ6͌6A6ɹþƆǆŋ(XLoss)6ʈêO˦A)(Fig. 2-24, ˋ 2-13)0ox
̼7 50 µm0K 
 
 
 
Fig. 2-24. ox̀6uTǏ6ňũ4HK͓ʾɹþ6͌6ǆŋ͠ƆTf.   
 
 
ˋ 2-13. AFMȭŘ4KėȭŘʖǷ1ox̀4Œĳ$KuTǏ. 
 No H Vertical H (0.5 T) Parallel H (0.5 T) 
ƁĵʋŐƓ (nm) 

uTǏ 
71.9 

695 
71.8 

696 
99.6 

502 
ʋŐǏ (Ô) 

uTǏ 
97 

492 
95 

487 
75 

433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 @%ʖǡƣ6̧ȼȼɰĽ1ƁˉɰĽ6ƁĵʋŐƓI XLossO˞ʈ") 
 
ʖǷuT6̮ěƣʆ"Ǳ¼07uT̀Oɹþ$K͌6ǆŋ 0.9831­
ǝI13,) I4Edge-on̮ěƣɰĽ4HJě")ĶɤɰĽ1ƁˉɰĽ6ƁĵʋŐƓ
I X’LossO˞ʈ")1M 
 
1ȼɰĽ16Ȓ̏IƙIL)Ö1ňɛ3,/KȼɰĽ1ĶɤɰĽ6ʋŐƓIȖC)o
x̀6uTǏ7 695, 696Ô1>?ʆ"ř͌ĶɤɰĽǱ¼6uTǏO 6950˞ʈ
")1Męȃ6 X’Loss = 0.995Oƙ)-@J6 XLoss1 X’Lossź7uTå̬6ʖǡƣŞ
 "/K1­ëKĶɤɰĽ0Ɛƫ")uTå6ɹþƆ7ȼɰĽEƁˉɰĽ
0Ɛƫ")uT1Ȓ̏"/ 1.02ÕȡLE$3,/K1­ëK 
 
 
 ȍ0ȼɰĽ1ƁˉɰĽ6ʋŐǏI XLossO˞ʈ") 
 
 
ʖǷuT6̮ěƣʆ"Ǳ¼07uT̀Oɹþ$K͌6ǆŋ 0.9481­
ǝI13,) I4Edge-on̮ěƣɰĽ4HJě")ĶɤɰĽ1ƁˉɰĽ6ƁĵʋŐƓ
I X’LossO˞ʈ") 
 
 
 
 
!
µParallel H × XLoss
193 = µNo H
XLoss
193 = µNo H /µParallel H
XLoss = 0.983
!
µParallel H × XLoss
' 194 = µVertical H
XLoss
' 194 = µVertical H /µParallel H
XLoss
' = 0.995
!
µParallel H × XLoss
59 = µNo H
XLoss
59 = µNo H /µParallel H
XLoss = 0.948
!
µParallel H × XLoss
' 54 = µVertical H
XLoss
' 54 = µVertical H /µParallel H
XLoss
' = 0.984
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ʖǷ+IDęȃ4ȼɰĽ16Ȓ̏IƙIL)Ö1ňɛ3,/JȼɰĽ0Ɛƫ"
)uT7 1.04Õ\RȡLE$3,/K1ëK 
 »6ʖǷHJuT6ʖǡƣę#Ǳ¼06uT̀6p_ǆŋ7 0.95~ 0.98
1­O˕*")@)ĶɤɰĽ4HJʖǡƣě"/KuTå6\R7ȼ
ɰĽEƁˉɰĽ0Ɛƫ")uTHJD 1.02~ 1.04ÕȡLE$˕6p_ǆŋ7
0.98~ 0.9911ë,)(Fig. 2-25) 
 
 
 
Fig. 2-25. ėɰĽ0Èˑ")uT1p_ǆŋ6ȆƋį. 
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6. ʖ˱1¶Ɩ6ˮ͡  
CuPc  
 ɦɿ˃ɧ6͌ĺǵ4ţ"/ĶɤɰĽOćù$K14HJʣ6̮ěƣě$K1O˕*
")@)ɰĽ6Ƒ͙7¦4¤Ɲ̳Ű6 d͓Ő073π͓Ő0K1O CuPcNiPcH2Pc
6 XRDȭŘI˕*") 
 I4ĶɤɰĽ(0.5 T)0 CuPc˅ʳOƫʳ" FETʑŐOÈˑ$K10͓ɖýǷ͓ʾɹþƆ
OȼɰĽ1Ȓ̏"/ 2Õě &K­4ƫø")L7ĶɤɰĽćù4HJ Edge-on̮ěƣ
ě""Öňž4Äȫ$K106ɹþgh43JɅƣǊĩ4-3,)
1ʭILK@)AFMȭŘHJˋ͗Ɇƪ4ň3Ņÿ7ȼuT--6ʖǡƣ
ě"/K1ë,)ǭɭɾ7 Appl. Phys. Lett. 2013, 103, 0433014ʩC) 
 
mi  
ĶɤɰĽ(0.5 T)0mi˅ʳOƫʳ" FETʑŐOÈˑ$K10͓ ɖýǷ͓ʾɹþƆOȼ
ɰĽ1Ȓ̏"/ 9Õě &K­4ƫø")L7ĶɤɰĽćù4HJ Edge-on̮ěƣě
""ÖÄȫ$K106ɹþgh43JɅƣǊĩ4-3,)1ʭIL
K I4ƁˉɰĽ(0.5 T)0mi˅ʳOƫʳ" FETʑŐOÈˑ$K10͓ɖýǷ͓
ʾɹþƆOȼɰĽ1Ȓ̏"/ 23Õě &K­4ƫø")L7ƁˉɰĽćù4HKuT
cTh6łň4HKʋŐǏÄIp_6͌6ǆŋɯʁÄ")D61ʖ˱.ILK
@)˞ʈʖǷHJuT6ʖǡƣę#Ǳ¼06uT̀6p_ǆŋ7 0.95~ 0.98
1­O˕*")@)ĶɤɰĽ4HJʖǡƣě"/KuTå6\R7ȼ
ɰĽEƁˉɰĽ0Ɛƫ")uTHJD 1.02~ 1.04ÕȡLE$1­ë,)ǭɭɾ
7 Thin Solid Films 2016, 603, 408–412.4ʩC) 
 
  

H

H
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ʅʂ  
ɜàƣT^äƽĪ1"/6äƒͨëŐɋÆ  
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1. Ƅ˱  
1.1 ʴŻʔʧÿ4HKvyȂ̟Ȃʉ  
 ̗Ƃvyr^yf6ɭɾŸŔÿŔëŐɏɄŔǮǒÿŔ32ȃ3ë̱4/̡
CIL/Kvytg`6Ǯǒ7"8"8{^6Ǯǒ7ɛ3KƼþOɱ$[1]Ë
8̳ŰOƛʋŐÿ"KcTh»6bTuȱȥ1$K1àĞďȝ̼(hƽþǏ)
̼ȝ̼Ø4et"ȱȥɧʺ$K[2.3]L7vyʋŐ07Ȃƫ$KãĊŐǏ4ţ$Kˋ͗6
ĊŐǏ6õĘň3K)C0ˋ͗6ĊŐ7ʖǡå̬6ĊŐ17ɛ3K͓ŐɆƪ0K1
4̂ĭ$K I46H3vyʋŐO͎ɽÿ &K14HKǮǒ6ͨȊʱÿEǕ˖Ʉƣ6
ɜɊ4́$KɭɾDɡP4ˉNL/KË8vycTh6ʋŐ˖óɞ4£P0K1
p_6ĬƳǱ¼Oȯ)$ȝ̼6à*Ďŧ LK'LOðɑ"/bTuʖǡicEàg
TpoXtwp^ʖǡ326ɭɾ̡CIL/K[4–7] 
 Ǯǒ6vyT^tcTh<6ƛʓÿ47-6ǖȜKʴ Żʔʧÿ4H
JǮǒOĊŐͰëŐIʔAKtRpȜ4Ȟɣ͎@,/K[8–13]ʴŻʔʧÿ
17͖Ž4žƃȁơ0JʴȽɖ4/ȃ3Ľ͗0˕K10K)18͑6ʖǡ
6ƫ̼EɏɄ DNA Oˡ˞į1"/ɏÆʔʧOÈJê$ig327ʴŻʔʧÿɊ˶691
-1ƾK10K[14.15]ʴŻʔʧÿɊ˶O@ðɑ$K14HJǏĂǏvyt
g`6ǮǒOȂʉ0KL@04ƏɭɾŚ07ȃ3 πäƒʍͨëŐ6ʴŻʔʧÿ4
HJɤƓc^ĂǏvytɻƆ6͖Ž4ƐɆ6ǐ,)ɋɆȂ̟ÆʴŻƐƫ$
K1O˕*"/K[8.9] 
 
1.2 πäƒʍͨëŐ  
 πäƒʍͨëŐ7ȹʑĊŐ̀6̰ʖĘ1®̰ʖĘ±¯4ʨJ̘") πäƒʍ6ëŐͧǻO
Ǩ"ǨȊĄŨÆ1"/6ÜL)͓ŐàȊʱƣOɱ$ǨȊǮǒ0JŨ͓ƣͨëŐ1DĢ8LKŨ
͓ƣͨëŐ7ɝŷI4HK̳Űɞ3Ũ͓ɉOɱ$RioS6ɜ˕4Ŏ@K[16]
Rio6Ũ͓ƣ7ÿŔu_4HKD60Ju_Oˉô6ͨëŐ7 πäƒͧ
ǻOD-ǨȊĄŨÆ0K@)˅ʳƐƫŝǞ0K1IÄbgt6W^tw^g
Ǯǒ1"/Ȟɣ L/JͨëŐ ELʑŐ͓ɖýǷtfgmŉ͈͓Ș32<6Ɵɑɭɾ
ɡP4ˉNL/K[17–20] 
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1.3 dɜƽ1 Whispering Gallery Mode(WGM)äƽĪ  
 d(laser)17ǌŧ6˩Ũǌê4HKàłž(light amplification by stimulated emission of 
radiation)6əɸ0Kd6ǦDň3ɅƜ7ĠȝǏ̡ˉǖěÃɥ6%L@)7
ã/ǂ,/Kb}t3ȝ0Kd7ô̙")6-6ɜàɊ˶6å˩Ũǌ
ê1Ɋ˶Oðɑ"/âŧàOłž &KĞď L/ LKàŐ6ǏHJD˩Ũǌê$KàŐ
6ǏĬKǠdɜƽ$K'6Ȼ47Ď̌ëżɆƪ4$Kƞ˓K 
 dɜƽǖȜ1"/ͨŭƳɉ3Ǯǒ0Ȃƫ$KɋÆ(\~rS)326å̬0àOãĎŧ
 &/̾#̖CłƎɜà &KWhispering Gallery Mode(WGM)äƽĪƼILKĊɌ1"/7
ɋå̬4/ɋ͗4țǖě4ǌŧD"7Ũȝ̇0Ũâ")àɋÆå̬0ãĎŧOʨJ̘
"ņ4êK13ɋ6ǦňɤƓOĠĬ$K(Fig. 3-1)'"/ĠĬ6͌1ĠǘĬ")1M0
à6Ãɥʵ$KĽĘ4àȝƎCĘ'L»ņ61M07ƍC6H3ƀȪ4H
KàƎƆ6łƎɊ˶OWGMäƽ1Ģ:WGMäƽĪIɜɏ"$KɜàOWGMɜà1Ģ;[21-25]
WGMɜà6Ǳ¼7 
	ηπd = nλ ⋅⋅⋅ 16( )  
0ˋ LK0h 7\~rS(ɋÆ)
6ŭƳɉd7ɋÆ6ɤƓn7ǐǏl 7ɜ
àȝ̼Oˋ$[26]WGMɜà7ɅŘ6Ãɥ6
ǂȝ̼6Aäƽ"ƎCĘ1I
dɜƽ4ě)ɭɾȠɜ4ˉNL/
K[27-29] 
  
 
Fig. 3-1. WGMäƽ1¿ſ6ȆƋį. 
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 L@04ȼȊǮǒI3KT^ɋÆET^sSg^ˈ àʺʑOȨù")ͨëŐEȥ
ǡɋÆȥȳ32I6WGMɜàH:dɜƽ4́$Kɭɾļğ L/)(Fig. 3-2 a–
b)""LI6ɭɾ47-6ˮ͡Œĳ$KË8ȼȊǮǒ0KebI
3KT^sSg^6ĽĘàOŨȝ̇0Ũâ")Jʌş3ƛʓùŸưˊ6ƞ˓ƣ0,)J
ĺǵ6ʔƫ4ňƑ͙ LK1K[29]@)ͨëŐǮǒ0Kgo~hʆI
6WGMɜà7'Lʴ̉ɜàɅƣOǨ"3)Cɜà̬Ã1"/6ʺʑOȨù$Kƞ˓K
[30] 
 
Fig. 3-2. WGMäƽĪ6Ë.(a)SiT^sSg^1(b)ʺʑugo~h. 
 
1.4 ǭɭɾ6ɣɞ  
 '0D"ɜàɅƣOƹ+͓ʾȞâĔʱ3 πäƒʍͨëŐ0à6̾#̖COĔʱ1$KɋɆ
Ȃ̟ÆÈˑ0L8͓÷ͥþķ6WG͵ɜà ELʑŐEdɜƽʑŐ6řɊǪƔ0K
(Fig. 3-3 a–b)'0ɵ7Ň6ˮ͡ȏKWGMɜàɭɾ4/ɜàɅƣ1Ũ͓ƣOÉ&D
- πäƒͨëŐI3KɋÆI6WGMɜàEdɜƽOɣȅ1"ʴ Ż͎ĘÿɋÆ6ɜà
Ʌƣ4Ȟɣ"ɭɾO̡C) 
 
Fig. 3-3. (a)dü̂1(b)͓ɖͥþ4HKWGMäƽɜà6ȆƋį. 
 
 
  
(a) (b)
(a) (b)
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ČʭǑɈ ----------------------------------------------------------------------------------------- 
[1] ųǯÓ(ɢÓ)Ɖȷăɶ(ʬˣ) vyʋŐɷŔ NTS ɲ. 
[2] S. Link et al., J. Phys. Chem. B. 1999, 103, 4212. 
[3] S. Link et al., J. Phys. Chem. B. 1999, 103, 8410−8426. 
[4] Y. Huang et al., J. Am. Chem. Soc. 2012, 134, 17053. 
[5] J. D. Forster et al., ACS Nano. 2011, 5, 6695. 
[6] J. T. Zhang et al., Angew. Chem. Int. Ed. 2012, 51, 6117–6120. 
[7] D. G. Rowe, Nat. Photonics. 2013, 3, 551–553. 
[8] T. Adachi et al., J. Am. Chem. Soc. 2013, 135, 870–876. 
[9] L. Tong et al., Polym. Chem. 2014, 5, 3583–3587. 
[10] H. Qi et al., ACS Macro Lett. 2014, 3, 675–678. 
[11] Z. Xiao et al., Adv. Energy Mater. 2013, 3, 1581–1588. 
[12] M. Pang et al., J. Am. Chem. Soc., 2013, 135, 10234–10237. 
[13] J. Kim et al., ACS Nano. 2013, 7, 9122–9128. 
[14] J. P. Turner et al., ACS Chem. Neurosci. 2014, ASAP. 
[15] Y. Zhao et al., Langmuir 2013, ASAP. 
[16] H. Shirakawa et al., J. Chem. Soc. Chem. Comm., 1977, 579. 
[17] W. H. Koo et al., Nature Photon. 2010, 4, 222–226. 
[18] S. J. Baek et al., J. Nanosci. Nanotechnol. 2012, 12, 3606–3610. 
[19] H. Xu et al., J. Phys. Chem. C 2014, ASAP. 
[20] C. C. Chen et al., ACS Nano. 2012, 6, 7185. 
[21] A. B. Matsko et al., IPN Prog. Rep. 2005, 42–162, 1–51. 
[22] S. M. Spillane et al., Nature. 2002, 415, 621–623.  
[23] D. K. Armani et al., Nature. 2003, 421, 925–928. 
[24] C. E. Finlayson et al., Semicond. Sci. Technol. 2006, 21, L21–L24.  
[25] X. F. Jiang et al., Adv. Mater. 2012, 24, OP260–OP264. 
[26] M. Kuwata-Gonokami et al., Opt. Lett. 1995, 20, 2093–2095.  
[27] V. G. Kozlov et al., Nature. 1997, 389, 362–364.  
[28] I. D. W. Samuel et al., Chem. Rev. 2007, 107, 1272–1295.  
[29] K. J. Vahala, Nature. 2003, 424, 839–846. 
[30] H. Uoyama et al., Nature. 2012, 492, 234–240. 
  
 75 
2. řͦǖȜ  
2.1 ǭɭɾ0Êɑ")ÿĘɄǮǒ  
 ʅ 3ʂ0Êɑ")ÿĘɄ˦ˆOˋ 3-1, 3-24ɱ$ 
 
ˋ 3-1. ʅ 3ʂ0Êɑ")ÿĘɄ. 
ÿĘɄĚ Ȃ̟Ƌ ˿â/âƯÝ 
F8TMT2 
poly[(9,9-dioctylfluorenyl-2,7-di
yl)-alt-(3,3',4,4'-tetramethylbithi
ophene-2,5'-diyl)]  
ɳĊǼĊɭɾŚHJǃÌ 
2,7–CTMT2 
poly[(N-octadecylcarbazol-2,7-d
iyl)-alt-(3,3',4,4'-tetramethylbith
iophene-2,5'-diyl)]  
ɳĊǼĊɭɾŚHJǃÌ 
PTTMT2 
poly[(N-(2-ethylhexyl)phenothia
zine-3,7-diyl)-alt-(3,3',4,4'-tetra
methylbithiophene-2,5'-diyl)] 
 
ɳĊǼĊɭɾŚHJǃÌ 
AZO-ANI 
poly[N-(4-octylphenyl)iminoazo
benzene-4,4’-diyl] 
 
ɳĊǼĊɭɾŚHJǃÌ 
 
 
ˋ 3-2. ʅ 3ʂ0Êɑ")˦ˆ. 
 
  
C8H17C8H17
S
Me Me
S
Me Me
n
N
C18H37
S
Me Me
S
Me Me
n
S
N
S
Me Me
S
Me Me
n
N
N
N
C8H17
n
ĥĚ ˿âÝ 
^ CHCl3(ˈàëǶɑɅˑ˦ˆ) vZTrg^ǺƋ¾ɲ 
my MeOH(̞ͨȥÆ^t_ɑ) vZTrg^ǺƋ¾ɲ 
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2.2 ˃ȓƸǎȜ4HK πäƒʍͨëŐɋÆ6Èˑ  
 ǭɭɾ07ͨëŐɋÆÈˑȜ1"/˃ȓƸǎȜOɑ)ǖȜ1"/7cɎ(ũʹ5 mL)
6¤4ʹ ȱŏ4ȱ˛")äƒʍͨëŐȱȥ 2 mL(ȶƆ 1 mg/ mL)OâLKcɎ(ň 5ʹ0 mL)
4˹ȱŏ 5 mLOâLKcɎ(ň)4cɎ(ũ)OâL)ƖcɎ(ň)Oş̾$K
ƤȬȄ0 25 4Ò+3I 3Ǜ͕̀ʪ$K'L(L6ȱŏ˃ɜ"Ɨ4cɎ(ũ)å6
˹ȱŏ6õĘň3KʖǷȱ˛ƆƗ4Ä"ȱ˛"/)äƒʍͨëŐF,J
1Ƕê"ȚȑOɏ#KɋÆOƐƫ$Kȱŏ6ʔAĘN&7ŇKǭɭɾ07ʹȱŏ4^
˹ȱŏ4myOɑ)(Fig. 3-4)[1.2] 
 
 
Fig. 3-4. ˃ȓƸǎȜ4HKͨëŐ6ʴŻ͎Ęÿ6ȆƋį. 
 
 
2.3 ǭɭɾ0Êɑ")ˏʪ  
 ʅ 3ʂ0Êɑ")ˏʪ4́$KƥļOˋ 3-34ɱ$ 
 
 ˋ 3-3. ʅ 3ʂ0Êɑ")ˏʪ. 
ˏʪĚs ˑ̟ǿʮ 
ƤȬȄ EC-40R RhǺƋ¾ɲ 
àŔ͢ƛ̻ VH-S5, VH-Z250R ǺƋ¾ɲ\Wg 
́ǹķ͓Ő͢ƛ̻ JSM-5610 Ǜǭ͓ŐǺƋ¾ɲ 
͎ɽTY~ Helios NanoLab DualBeam  FEIC 
gbm 1H-D7 ZcǺƋ¾ɲ 
Xʟ͓ŐëàëǶȜ JPS 9010 TR  Ǜǭ͓ŐǺƋ¾ɲ 
ëàWkt M-2000 J.A.Woollam Co., Inc. 
ƛũ͞Ĺˈàɜà Nano 250 Opto Science. Inc 
ɦɿ˃ɧĪ SVC-700TMSG/7PS80 c͓ŐǺƋ¾ɲ 
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2.3.1 ƛũ͞Ĺˈàɜà (µ-PL) 
 ʷɞ3ɜàɅƣ˥Î7˦ǒãÆI6ɜàg^tOȭŘ$K64ţ"µ–PL7ȾŧàO
h0ʗJŬƮɞ3ɜàɅƣ˥ÎOˉǭȭŘ07àŔ͢ƛ̻0˦ǒ6ÃʪĘN&O"405 
nm6 CWdO˦ǒ̬IȾŧ$K'6͌4gptcThO 500 nm@0͎à$K1
0ŬƮɞ3ɜàɅƣO˙ȭ$K(Fig. 3-5)˦ǒIɜɏ")àO CCDZ1ëàĪ0˛Ƕ$
KǭȭŘ7uTq6 Duisburg-EssenňŔ Axel LorkeɭɾŚ0ȭŘ") 
 
Fig. 3-5. µ-PLˏʪ6ȁəį. 
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3. ʖǷ1˛Ƕ  
3.1 πäƒͨëŐ6ʴŻʔʧÿ4H,/Ɛƫ$KɋÆ  
 ˃ȓƸǎȜ0ɑ)ëŐ7 F8TMT2(Mn = 31800, Mw/Mn = 2.46)2,7–CTMT2(Mn = 26000, Mw/Mn = 
2.76)PTTMT2(Mn = 21000, Mw/Mn = 2.82)AZO-ANI(Mn = 18900, Mw/Mn = 2.31))0KÈˑ")Ț
ȑɄOebĺǵ4ȳ"ɦɿƌO"/ªɁ &ĺǵ4İŘ$K'6ƖofRp
O̓Ȼ4̳Og|pm")Ɩ́ǹķ͓Ő͢ƛ̻(SEM)Oɑ/˙Ţ")(Fig. 3-6) 
 
Fig. 3-6. (a)ʴŻ͎Ęÿ0ɑ) πäƒʍͨëŐ1Èˑ") SEMɕÛ(Õɉ 5000 Õ). 
(b)F8TMT2.(c)F8TMT26Ǔ˙Ţ.(d)2,7–CTMT2.(e)PTTMT2.(f)AZO-ANI.  
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SEMɕÛ(ĺǵ4ţ"ĶɤǖěI6˙Ţ)HJɯ4ʴŻ͎Ęÿ4HJ πäƒͨëŐ7ɋÆO
Ɛƫ$K1ëK(Fig. 3-6c) 
  I4ʴŻ͎ĘÿͨëŐɋÆ6å̬Ȃ̟OɪKȻ4FIB 0Èˑ")ɋÆ6ìɂ6 TEM ˙Ţ
Oˉ,)(ǔ̜̤͓͗Ő͢ƛ̻ȭŘʹXSTEM ȭŘ)˦ǒ6ÈˑȜ1"/7ɋÆOov0ˍ
˔")ƖTY~0Wpo_"ɋÆ6ìɂOÈˑ"/'6ìɂO TEM ȭŘOˉ
10ɋÆå̬Ȃ̟O˙Ţ")˙Ţ7 F8TMT2ɋÆ0ˉ,)ʖǷ1"/ɋÆå̬Ȃ̟7ͨ
ëŐÞŀ L/KɆƪ0͎Ęÿ"/K1OǝI4")(Fig. 3-7 a–d) 
 
Fig. 3-7. XSTEM˦ǒÈˑ6ig. (a)SEMOɑ/̃˅ìɂ˙Ţ$KɋÆO̩Ƶ. (b)(c)ov
6ɋÆ6ˍ˔1TYWpo_4HK˦ǒ6ìJê". (d)F8TMT26 STEMÛ. 
 
  
a b
c d
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3.2 πäƒͨëŐ6ŭƳɉ  
 WGMäƽɜà &K47\~rSå̬4ãĎŧO &àO̾#̖CKƞ˓J\~
rS6ŭƳɉ̰˓3˓ĭ13K[1.2]ëàWktOɑ/6ŭƳɉOȭŘ")
˦ǒÈˑ1"/6ʳOɬʼĺǵ4ƫʳ")ëàWkt6˦ǒ7ˋ͗ƁȲ
3ĉʳ0Kƞ˓KgbtȜEup\gtȜ*1˅ʳEĵ3ʳ43,/"
@'0ȱŏ͒Įȓ6e¤0ɬʼĺǵ4ȱȥup\gt"F,
Jƫʳ$K10ĵ3ĉʳOÈˑ")(Fig. 3-8)Èˑ")ʳĉ7˜̴Ȑź˞0 3ȺȭŘ"Ɓĵ
Oʳĉ1")ƙIL)ėʳĉOˋ 3-34@1CK 
 
ˋ 3-3. ėľżʳ6ʳĉ. 
 
 
 
 
 
 
Fig. 3-8. ĉʳ6˦ǒÈˑȜ. 
 
  
良溶媒
(CH3Cl)
ポリマー
厚膜　
ÿĘɄĚ ʳĉ (µm) 
F8TMT2 65.6 
2,7–CTMT2 38 
PTTMT2 89.5 
AZO–ANI 30.53 
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Fig. 3-9. ė6ŭƳɉh (ͫ)1ȤˌÐǏk (͔). 
 (a)F8TMT2. (b)2.7–KTMT2. (c)PTTMT2. (d)AZO–ANI. 
 
 ʖǷė6ŭƳɉ7 1.6-1.81ͨŭƳɉOƹ-1ǝI13,)(Fig. 3-9)L7
ė πäƒʍOǨ$K­Ɍɓ1"/ƼILK 
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3.3 ɜàɅƣ  
3.3.1 ɋÆƐƫ4HKɅɛ3ɜàɅƣ (F8TMT2) 
 SEM ɕÛ6ȃ3ɋÆ6͎@,)({^)Ɇƪ1˅ʳɆƪ6ɜàg^tOȭŘ")$K1
{^Ɇƪ1˅ʳɆƪ16ɜàg^t6ƐɆ7ęȃ63*I3ɜàg^tO
ɱ$1ë,)(Fig. 3-10 a) 
 ȍ4ɋÆͱʋI6ɜàɅƣȭŘOɣɞ1"/ɋÆOĺǵ4ëǎ")Ɇƪ4İŘ$K)C4
ɋÆëǎȱȥ(F8TMT2)OgbtȜOɑ/ SiO2(200 nm)/Siĺǵ4ƫʳ")àŔ͢ƛ̻Û
IɋÆëǎ")Ɇƪ4ĺǵ4Œĳ$K1ëK(Fig. 3-10 b) 
 
Fig. 3-10. (a)F8TMT2˅ʳ(ͫ)1ɋÆ6͎@,){^Ɇƪ(͔)6ɜàg^t. 
(b)ëǎɋÆ6àŔ͢ƛ̻Û. 
 
 6ɋ 1ʋ4ţ"ȝ̼ 405 nmgptcTh 500 nm6d0ɋÆ6ʄ̬ëOȾŧ"ɜ
àɅƣOȭŘ")(Fig. 3-11 a)$K1ʶġȦ14ɤƓ 2.6 µm6ɋI7ǝI4ĠǪ
ɞ3̀͋0̷g|T^OÀɜàu3g^t4Y{p"/˙ȭ L)
(Fig. 3-11b) 
 
Fig. 3-11. F8TMT2ɋÆ-6(a)àŔ͢ƛ̻Û1(b)ɤƓ 2.3 µm6ɜàg^t. 
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 2-44́"/Dęȃ6ʖǷOƙ)(Fig. 3-12 a–d)LI6e3ɜà7ɋå̬0
ãĎŧ"3I̾#̖CIL)à6ƀȪ4HKNFKWGMɜà1ʭILKëàWk
tȭŘIäƒʍͨëŐ7ɜàȝ̼͞Ĺ4KŭƳɉ(ηPolymer) 1.6–1.8ɻƆ1ɿȓ6
ŭƳɉ(hAir)4ţ"/3Jň1Iɋå̬4/ɋ͗4țǖě4ɜɏ")ɜà7ãĎ
ŧĔʱ13Jņ4êK13ɋ6ǦňɤƓOĠĬ$K+G2ͱĠǘĬ")1M0à6
Ãɥʵ$KĽĘ4àȝƎCĘ'L»ņ61M07ƍC6H3ƀȪ6ʖǷ
g^t4ß̷3^êɊ$K1ʭILK 
 WGMäƽɜà0K1$K1ƀȪ6Ǳ¼Ƌ7Ƌ(1)0ɱ LK˙ȭ")g^t7ĠǪɞ
4˒Ǐ6̷^Œĳ$K)CƋ(ͱ)07ţƟ"L3'0HJͨȍ3Ɍ˱ƋOɑ/
Ɍ˱SprS_Oˉ,)[3]Ũâ")Ɍ˱Ƌ7à̼̇6ɛ3K TE u1 TM u6Ǳ
¼Ƌ0K(Fig. 3-13, Ƌ. 17–18) 
 
Fig. 3-12. Ɍ˱˞ʈ(̀)1řȭÖ(ͫ)6Ȓ̏1ŭƳɉ(inset).  
(a)F8TMT2 (2.6 µm). (b)2,7–CTMT2 (2.4 µm). (c)PTTMT2 (2.4 µm). (d)AZO–ANI (2.4 µm). 
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@)Ɍ˱˞ʈ6͌47ëàWkt0ȭŘ")ė6ɜàȝ̼6ŭƳɉ6ř̬O
ɑ/KF8TMT22,7–CTMT2PTTMT2 7ėȝ̼6ŭƳɉOɑAZO–ANI 4-/7ŭ
Ƴɉ6ƁĵÖOɑ)ʖǷã/6ɋÆ4/ƙIL)g^t1ee
16̀4͖Ž4ǐĘƣK1ëJɯ4¶Ĭ˙ȭ")g^t7WGMäƽɜà
0K1OǝI4")¶ĬŭƳɉ6ř̬6A0˞ʈOˉ3,)67ţƟ$KȤˌÐǏ
Ăë4ũ )C0K 
 
 
 
  
 
Fig. 3-13. à6ƫë6ȆƋį. 
 
   

 
   
 
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3.3.2 ɜàɅƣ6ʋƓÍŒƣ  
 14́"/ȃ3ʋƓ4-/ęȃ6ɜàɅƣȭŘOˉ,)ʖǷɤƓ 1.6 µm6ɋ4
/7ʻƀ6enOÀD66u3ɜàg^tOɱ")ǖʋƓň
3K4-Lg|T^6̀͋ɇ3Jg|T^ş͎")g^t<1Ņÿ$K1O
˕ê")ęȝ̼¹̗4KƺǏ n(ȝ6Ǐ)4ɧɣ$K1ƺǏň3,/K1ëK
L7ʋƓň3K10Ǳ¼Ƌ6Ź̕(à̼̇)̼3JɋÆ4âKȝ6Ǐł)Ȼ0
K6ʖǷ7WGMɜà6ƣ˾0K)C¶Ĭ˙ȭ")Ʌɛ3ɜàɊ˶WGMɜà0
Kː¹13,)@)2–44/Dęȃ6ɜàɅƣƼþOɱ")(Fig. 3-14 a–d) 
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Fig. 3-14. ʋƓ4HKWGMɜàɅƣ1Ɍ˱SprS_.  
(a)F8TMT2. (b)2,7–CTMT2. (c)PTTMT2. (d)AZO–ANI. 
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3.4 ɜàɅƣ6dü̂ÃʪÍŒƣ  
 6ɜàWGMɜà0K1ˤƷ7ü̂àȾŧÃʪÍŒƣIDɯ˨0KɋÆ6͚
Ⱥ̗Ù4Ⱦŧ")ĽĘɜàɋå̬OǘĬ$K1ƞ%ĺǵ16ǀĴ̬ÃO̝̤$K(Fig. 15a)ĺ
ǵˋ͗0K SiO27ŭƳɉ(ηSiO2) 1.5 ɻƆ16ŭƳɉ4̗)C6̬ëIà
^"/"@ʖǷ1"/à7ǘĬOōIL7,J1")^Oƹ)3u3g
^t13Kǖɋ6Wpf̬ëOü̂")ĽĘĺǵ16ǀĴǖě4ě/ǘĬ")à7
^"/"@̥̀ǖě4ɜɏ")à7ƴK13ǘĬ$K1Ĕʱ13K(Fig. 
3-15 b)ʖǷü̂Ãʪɋ6Ġ̬̕Ã̗ɻɜà6g|T^HJǝɩ4˙ȭ LK(Fig. 3-15 
c) 
 
 
Fig. 3-15. ü̂Ãʪ4HK(a,b)à6¿ſ6ȁəį1(c)ɜàg^tŅÿ. 
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3.5 ͨëŐɋÆ6ʯ§ƣ˥Î  
3.5.1 ̠ʚȭŘ4HKɜàɅƣ6Ņÿ  
 Èƫ") πäƒ±¯ä̰ĘÆI3KɋÆ7ɜàÆ1"/6ƒõ1äƽĪ1"/6ƒ
õOÉ&ƹ1L@06řͦHJïǝ")'6)Cs{TgÈˑEƟɑ4ě6ɋÆ6
d4ţ$Kʯ§ƣ˥ÎOˉ,)ǖȜ1"/ęɋÆ4ţ" 100Ĭ̠ʚdȾŧOˉ
ɜàg^tO˙ȭ")(Fig. 3-16 a)WGMɜà6Ʌƣ˥Î7ȾŧͱĬɣ6ɜàȝ̼6 525
6^ƎƆ6źOͱ1"'6¸g^tƎƆOȒ̏"/,)ʖǷͱĬȾŧƖ6ƎƆ1
Ȓ̏"ňž4^ƎƆˁ+/1ë,)(Fig. 3-16 b)g^t6ƐɆDǝI4̷
^033JãÆɞ4u3g^t<1Ņÿ"/K1ëK 
 6^ƎƆÄ6Ċĭ1"/d6̠ʚȾŧ4HJɋÆˋ͗nfOđ
ãĎŧ6ýɉÄ"WGMɜàɅƣÄ1ʭILK 
 
Fig. 3-16. (a)100Ĭ̠ʚȭŘ6g^tŅÿ. (b)525 nm4K^ƎƆŅÿ. 
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3.5.2  TiO26ˋ͗ˍ˔4HKɜàɅƣ<6Ƒ͙  
 3.5.10Èˑ")ɋÆ6ʯ§ƣ6Ä ˮ͡0K1ë,)'0ʯ§ƣ6ě1Ǥ3
Kà6ýɉɞ3̾#̖COɣɞ1"HJŭƳɉ6ͨǮǒ0K TiO2(η2.5)0ɋÆ6ˋ͗6ˍ
˔O˦A)Ti6ʳĉ7 5, 20 nm1"ˍ˔ǖȜ7ɦɿ˃ɧȜ0ˉˋ͗6ʔƫɆƪO XPS0˙
ȭ")@)ʯ§ƣ˥Î7 F8TMT2ɋÆ1ęȃ6Ǳ¼0˙ȭ") 
 XPSȭŘ6ʖǷB.E= 406.2 eV6^(2p3/2)˙ȭ L)1ITi̯ÿ") TiO243
,/K1ǝI13,)(Fig. 3-17)[4] 
 
Fig. 3-17. TiO2Oˍ˔") F8TMT2˅ʳ6 XPSg^t.  
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 @)d̠ʚȾŧȭŘ6ʖǷÇDˍ˔"3ɋÆ6^ƎƆ1Ȓ̏"/100ĬȾŧ
ƖD^ƎƆOÒƹ"/K1ë,)(Fig. 3-18 a–c)TiO2dI6ɄɌɞȿɞ
nfO̓*1ʭILK 
 
Fig. 3-18. (a)5 nm(b)20 nm TiO2ˍ˔") F8TMT2ɋÆ6WGMɜàg^tȒ̏.(c)^ƎƆŅ
ÿpt(ͫ: W/O TiO2, ͔: 5 nm TiO2, ̀: 20 nm TiO2). 
 
 
3.5.3 C606ˋ͗ˍ˔4HKɜàɅƣ<6Ƒ͙  
 TiO21ęȃ˃ ɧĔʱ0ͨŭƳɉ0K1ë,/K C600ɋÆ6ˍ˔(20 nm)Oˉɜà
Ʌƣ˥ÎO˦A)C607ɦɿ˃ɧ0ƫʳ"ˍ˔6ȃŐ7 XSTEM0˙Ţ")ʖǷXSTEMÛ
I C607ɋÆO˔H4ƫʳ L/K1ǝI13,)(Fig. 3-19) I4µ-PLȭŘ
IC60OƫʳƖDWGMɜàOɜɊ$K­O˕*")(Fig. 3–20 a–d) 
 
Fig. 3-19. C60ˍ˔") AZO-ANIɋÆ6 XSTEMÛ. 
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Fig. 3-20. C600ˍ˔")ͨëŐɋÆ6ɜàg^t.  
(a)F8TMT2–C60. (b)2,7–CTMT2–C60. (c)PTTMT2–C60. (d)AZO–ANI–C60.  
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3.6 ĺǵ4HKɜàɅƣ<6Ƒ͙  
 Ǥ3KWGMɜàɅƣɜɊ6Ȼ4ĺǵO SiO2(200 nm)/SiĺǵIɬʼĺǵ4Ņęȃ6ȭŘO
˦A)L@04ɑ/) SiO2(200 nm)/SiOɑɜàɅƣȭŘOˉ1ˈ àäͩWx]
ɹþ(Fluorescence Resonance Energy TransferʹFRET)ɜɏ"ɜàɅƣÄ4Ƒ͙$KĔʱƣK
1ë,)I0K[5]0 FRET 17̗ǀ")Ʉ˾̀0ü̂Wx]͓ɰȝ43
I%͓Ő6äͩ4HJɤǀɹþ$KɊ˶610K 
 ǭȭŘ7ü̂ȝ̼ 532 nmgptcTh 500 nm6dOɑ/ AZO-ANIɋÆ6ɜà
ɅƣȭŘOˉ,/K(@NIMS ̼ūɭɾŚ)$K1{p^_Uu͖Ž4ũ ̷
^Oƹ,)WGMɜàOƙK14ƫø")(Fig. 3-21)QÖȒ̏Oˉ1600(SiO2(200 nm)/Si
ĺǵ)I 1400(ɬʼĺǵ)1 2.5Õ6Ʌƣě4ƫø")6ʖǷIdɜƽ"/K6
0731ʭȍ4dƎƆ4HKɜàɅƣŅÿO˙ȭ"͂Ö6ǨȼOȭŘ") 
 
Fig. 3-21. ɬʼĺǵ4ƫʳ") AZO–ANIɋÆ6ɜàg^t. 
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3.7 dü̂ƎƆÍŒ4HK"Ö˥Î  
 dɜƽ"/KĜO˙ȭ$KǖȜ1"/dü̂ƎƆ4ţ$KɜàƎƆɅƣ˥
ÎƼILKdƎƆ4ţ"/ɜàƎƆOpt$K1KdƎƆIƢȵ4
ɜàƎƆ6ě˙ȭ0K'6ü̂ƎƆdɜƽ6"Ö1 LK[6.7] 
 ǭȭŘ07dƎƆO 1.2 ,2.17, 2.91, 5.03, 9.15, 12.3, 16.70, 38.1, 86.5, 146, 199, 322, 561, 665, 
1430, 2340 (µW)1"ƎƆ6ƍ͜4dȾŧOˉ,)@)ȭŘ6͌47 AZO–ANIɋÆ
Oɑɜàȝ̼ 710, 720, 735 nm6^ƎƆOdȾŧƎƆ0pt")ʖǷ
dƎƆÍŒƣ4HK͂Ö7˙ȭ03,)(Fig. 3-22 a)Ɍɓ1"/ CWd07͓ŐşƆ
̅J%dɜƽêǲ3,)1ʭILK@)dȾŧƎƆ 16.7 µWÕ)
)JI^ȝ̼Äȝ̼Ø4et"/1O˕ê")(Fig. 3-22 b)'6Ɍɓ1"/
dü̂4HJ πäƒʍìLK10Äȝ̼Ø4et")1ʭILK I4ȭŘƖ4
ƍü̂ƎƆ0ȭŘOˉ3,)Ǡet")^Ý4ƭK­7ȼ,) 
 
Fig. 3-22.dȾŧƎƆ4ţ$K(a)^ƎƆ(̀: 750 nm, ͫ: 760 nm, ͔: 775 nm). 
(b)̀ʺZ6^ȝ̼et. 
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4. ʭŢ  
4.1 Ɍ˱˞ʈ4HKɌ˱ʋƓ  
 WGMɜà6ƺǏ¹6͌4ʋƓ6ÖO˯ǐ"eeOˉ,/KɌɓ1"/à
ŔɅƣ˥ÎOˉ͌4àŔ͢ƛ̻Oɑ/JˬźOĝP0KȻ0K'0Ɍ˱˞ʈ4
HKee0ʈê")Ɍ˱6ɤƓ1ėǦň QÖOˋ 3-54@1CK@)QÖ7ȍ
Ƌ 190ˋ LK 
	Q = λ /Δλ ⋅⋅⋅ 19( )  
0l7^ȝ̼∆l7'6^4KĄÖž0K 
 
ˋ 3-5. Ɍ˱˞ʈ4HKɦ6ɤƓ. 
F8TMT2 d (µm)a d (µm)b Qmaxc 2,7–CTMT2 d (µm)a d (µm)b Qmaxc 
 1.6 1.38 62  2.6 2.53 310 
 2.3 2.25 216  3.1 3.28 291 
 2.6 2.71 280  3.7 3.54 292 
 3.3 3.35 268  4.3 4.07 470 
 4.2 3.92 313  5.5 5.44 445 
 
PTTMT2 d (µm)a d (µm)b Qmaxc AZO–ANI d (µm)a d (µm)b Qmaxc 
 1.5 1.38 56  1.8 1.74 97 
 1.9 1.90 84  2.4 2.34 210 
 2.2 2.18 151  3.3 3.10 241 
 2.4 2.49 254  5.4 5.21 559 
 2.6 2.32 167  6.8 6.35 547 
 
a àŔ͢ƛ̻0˙Ţ")ėɋÆ6ɤƓ 
b Ɍ˱˞ʈ4HJȖC)ɤƓ 
c ėWGMɜàg^t6Ǧň QÖ 
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4.2 ʋƓ4HKà6̾#̖CýǷ1 WGMɜɊ6"Ö  
 ã/6ɋÆ4/2 µm »6ɋÆI77,J1")^Oƹ- WGM ɜà
7˙ȭ03,)0ɤƓ4K WGM ɜà6͂ÖŒĳ$K1ʭ)'0ė
WGMɜàg^t6 QÖ1ʋƓ6ptOˉ,) 
ʖǷį6H3̗ÂǣʟO9­0ʋƓ 2 µm¹̗ʋƓ6͂Ö0K1ǝI1
3,) I4ʋƓň3KɻǦň QÖň3K1ë,)@)ɋÆň
3K1̗Âǣʟ3*I43,/F67ɜɏ")WGMɜàOʴëʴ̉0æĞď"/"@
)C1ʭILK(Fig. 3-23 a–b) 
 
Fig. 3-23. ɤƓ4ţ$KǦň QÖ(ͫ: F8TMT2, ̀: 2,7–CTMT2, ʝ: PTTMT2, ͔: AZO–ANI).  
(a)ˋ͗ˍ˔ȼ"ɋÆ. (b)C60ˍ˔ɋÆ. 
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4.3 ǣɉ4HKà6̾#̖CýǷ1 WGMɜɊ6"Ö  
 WGMɜàɜɊ47ʋƓ6͂ÖK1ë,)L7ǣɉ6˙ȺI˭ǝ0K1ʭ
)ǣɉ7ĄƓ6̛Ǐ0ˋ LKũ ɋÆ6ĽĘǣɉňýɉɞ4àãĎŧêǲ3
'6)C7,J1")^Oƹ)3u3ɜà6AƙILKǖňʋƓ6
ĽĘå̬0ɜɏ")à7ãĎŧ"E$3Jýɉɞ3à6̾#̖CĔʱ13K'6)Cǝ
ɩ3^Oƹ-WGMɜàOɜɊ$K(Fig. 3-24 a) 
 »I4WGMɜɊ47ǣɉ̰˓3˓ĭ0K1NK'0 QÖ1ǣɉ6pt
Oˉ,)ʖǷ¶Ĭ6ȭŘǱ¼4́"/ʟƐɞ3́ÐOƹ-1ëJǦň QÖ 700ɻƆ
11ë,)(Fig. 3-24 b–c) 
 
 
 
Fig. 3-24. (a)ɤƓ(ǣɉ)4HKãĎŧ6"E$ 6ȆƋį.  
(b)ˋ͗ˍ˔ȼ"ɋÆ. (c)C60ˍ˔ɋÆ6ǣɉ4ţ$KǦň QÖ. 
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4.4 ɋÆ ELʑŐÈˑ4ě/  
 L@04dü̂4HKWGMɜàO˙ȭ$K14ƫø")͓ ɖͥþ6ɋÆWGMɜ
à6Ȼ47ɋÆO̧͓ȀOÈˑ"3L83I3'0ɋÆ4 Ti ˃ɧOˉ,)Ɩɋ
ÆO^0͆ċ$K10ĺǵ4̬͓Ȁ1"/ɑK Ti @NJ̖@%4ƫʳ L/
32˙Ţ")ĺǵ7 SiO2(200 nm)/SiĺǵF8TMT26ɋÆOɑ/K 
 ʖǷɋÆO͆ċ")ĺǵO SEM ˙Ţ$K1˃ɧ6͌4ɋŒĳ"/3,)̬Ã47 Ti
ƫʳ L/Jɋ,)̬Ã7Ĵ6ebĺǵ˕/K1ëKLHJ
Ti7ĬJ̖B13ɋÆ4ƫʳ"/K1ëK(Fig. 3-25 a–b) 
 
Fig. 3-25. TiO2ˍ˔ F8TMT26 F8TMT2͆ċô(a)1͆ċƖ(b)6 SEMɕÛ. 
 
 
 
  
(a) (b)
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5. ʖǷ1ˮ͡  
ʖǷ1¶Ɩ6ˮ͡  
 îC/ π äƒʍͨëŐI3KɋÆI WGM äƽɜàOɜɊ &K­4ƫø")ǭɭɾ0
6ʴŻ͎ĘÿɋÆɋÆ'6D6ɜàɅƣOD-ͨŭƳɉOD-T^cT
h6äƽĪ1"/Ȋʱ$K1ͳ-6ɅƣOÉ&D-“ɜàƣT^äƽĪ”1"/Ȋʱ$K
1OǝI4")@)ͨëŐ6ʴŻʔʧÿig4HJɋÆʴƕɞ4Ɛƫ$K)Cƛ
ʓùŸưˊʆ˓0ȀC/ʊÏ4Èˑ0Ɵɑů̿6͗0Dň3T|^tOD-Ǯǒ0
K I4Ũ͓ƣ6ͨäƒʍͨëŐ4/7͓ʾȞâ4HK͓ȡ˩̂WGMɜàOřɊ0
KĔʱƣJǕ"ǨȊͨëŐ͓ɖɜàʑŐ6̿ɜ4-3K1ʭILK 
 ¶Ɩ6ˮ͡7dü̂4HKdɜƽ͓ɖͥþ4HKWGMɜàȭŘO˦AK
ˮ͡˛ș4ěHJɋÆ4ǆÚO %ɨ̀ɞ4ƎȾŧƎƆOƹ-|gd06ȭŘ
Oˉ10dü̂4HKdɜƽOˉ3 I4T^wmO
ɑ/ɋÆ4bm^t"͓ʾȞâ$K10ɋÆ 1ʋŐI6͓ɖɜàȭŘO˦AKǭɭɾ
7 Sci. Rep. 2014, 4, 5902/1–5.4ʩC) 
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